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Abstract 


The  idea  of  a  new  type  of  Semiconductor  Insulator 
Semiconductor  Field  Effect  Transistor  (SISFET)  device  has  been 
investigated.  The  attempted  design  consists  of  a  heavily 
doped  n-type  InAs  gate  with  undoped  Al0  5Ga0  sAs  as  the  gate 
insulator  and  with  undoped  In0  1sGa0  85As  as  a  strained-channel 
on  an  undoped  GaAs  buffer  layer.  SISFETs  provide  freedom  from 
the  Donor  complex  (DX)  center  and  have  threshold  voltages 
which  are  independent  of  the  AlGaAs  doping  and  thickness. 
Calculations  predict  that  the  proposed  pseudomorphic  structure 
would  produce  a  device  with  a  natural  threshold  voltage  of 
approximately  0.6  volts.  This  would  be  well  suited  to  digital 
logic  applications.  Calculations  also  predict  that  this  new 
material  structure  would  provide  a  barrier  to  gate  leakage  of 
greater  than  0.3  volts  up  to  2.5  volts  of  positive  gate  bias. 
The  layers  were  grown  by  MBE,  and  "devices"  were  fabricated 
using  a  self-aligned  process  which  involved  ion  implantation 
and  rapid  thermal  annealing.  Some  finished  samples  exhibited 
transistor  action,  but  problems  included  inordinately  high 
gate  leakage  and  non-ohmic  source  and  drain  contacts. 
Specific  contact  resistance  of  0.65  n-mm  was  achieved,  but 
the  pseudomorphic  SISFET  was  not  successfully  fabricated  as 
expected.  A  TEM  analysis,  along  with  other  electrical  and 
qualitative  analyses,  support  the  conclusion  that  at  least  one 
of  the  problems  was  the  MBE  growth. 
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INVESTIGATION  OF  A  SELF-ALIGNED,  STRAINED-CHANNEL, 
n*-InAs/Al0  5Ga0  5As/In0  15GaQ  asAs  SEMICONDUCTOR 
INSULATOR  SEMICONDUCTOR  FET  (SISFET) 


The  United  States  Air  Force  has  an  interest  in  developing 
the  technology  of  Monolithic  Microwave  Integrated  Circuits 
(MMIC) .  One  specific  example  of  the  need  for  this  technology 
would  be  the  next  generation  of  airborne  phased  array  radar 
systems  [34].  The  development  of  MMIC  requires,  among  other 
things,  high  performance  microwave  amplifiers.  A  critical 
part  in  an  amplifier  circuit  is  the  high-frequency,  low-noise 
transistor.  The  low-noise  performance  produces  a  higher  mean 
signal-to-noise  ratio,  and  the  result  is  a  device  that  can 
detect  weaker  signals  from  aircraft  and  satellites.  This 
could  translate  into  the  ability  to  transmit  military 
communications  at  levels  that  are  more  difficult  for  the  enemy 
to  intercept.  Furthermore,  the  military  has  an  interest  in 
the  technology  of  computers.  A  typical  application  for  the 
microwave  transistor  is  high  speed  switching  for  use  in  either 
logic  or  memory  circuits.  Heterojunction  microwave 
transistors  have  recently  shown  much  promise  for  these 
applications.  However,  as  the  following  sections  will  show. 


these  transistors  also  have  their  shortcomings.  A  general 
goal  of  the  research  community  is  to  develop  a  better 
heteroj unction  microwave  transistor  device.  This  study  does 
not  accomplish  that  monumental  goal,  but  it  provides  useful 
results  toward  that  end  [34]. 

Background 

As  a  result  of  the  pursuit  for  better  performance  in 
radars  and  computers,  and  thus  for  higher-frequency  and  lower- 
noise  transistors,  an  interesting  and  active  research  area  is 
the  fabrication  of  devices  based  on  superlattice  hetero¬ 
structures.  The  subject  of  this  thesis  effort,  which  is 
called  a  Semiconductor  Insulator  Semiconductor  Field-Effect 
Transistor  (SISFET) ,  is  one  such  device.  A  similar  and  better 
understood  device  (which  will  be  shown  later  in  Figure  5)  is 
the  MOdulation-Doped  FET  or  MODFET.  In  1980,  J.  Rosenburg 
proposed  to  replace  the  metal  Schottky-barrier  electrode  of 
the  MODFET  with  n*-GaAs  and  to  eliminate  the  doping  in  the 
AlGaAs  [54; 379].  This  structure  (which  will  be  shown  later 
in  Figure  2)  is  called  a  SISFET.  Although  little  work  has 
been  done  on  the  SISFET,  the  MODFET  has  exhibited  record- 
breaking  performance.  When  used  as  an  invertor  in  logic 
circuits,  it  has  a  propagation  delay  of  12  pico-seconds  at 
room  temperature,  compared  to  2  nano-seconds  for  a  typical 
MOSFET.  The  MODFET  is  also  known  as:  the  High  Electron 
Mobility  Transistor  ( HEMT ) ,  the  Two-dimensional  Electron  Gas 
FET  (TEGFET) ,  and  the  Selectively  Doped  Heterojunction 
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Transistor  (SDHT) .  The  strained-channel  or  Pseudomorphic 
MODFET  (PMODFET)  was  first  demonstrated  by  Morkog  and 
coworkers  at  the  University  of  Illinois.  A  0.25  nm  gate 
length  version  of  this  device  was  subsequently  demonstrated 
to  have  a  maximum  frequency  of  oscillation,  tmK,  of  230  GHz 
[ 43 ; 58 ] . 

MODFET .  This  device  exhibits  an  extraordinarily  high 
mobility  at  low  temperatures,  resulting  in  short  transit  times 
at  low  voltages  [43;44].  Thus,  the  MODFET  achieves  the 
desirable  objective  of  higher  speed  and  lower  power 
consumption  [44].  A  necessary  requirement  for  low  voltage 
operation,  related  to  minimum  noise  levels,  is  tight  control 
of  the  threshold  voltage.  For  example,  a  power  supply  voltage 
of  0.5  V  requires  the  threshold  voltage  standard  deviation  to 
be  within  10  mV  [54].  A  problem  with  the  MODFET  is  that,  like 
the  GaAs  MEtal  Semiconductor  FET  (MESFET) ,  the  threshold 
voltage  is  sensitive  to  processing. 

Threshold  Voltage.  This  parameter  represents  the  main 
advantage  of  the  SISFET  compared  to  the  MODFET.  The  forward 
gate  bias  conduction  band  diagrams  for  a  SISFET  and  a  MODFET 
are  shown  in  Figure  1.  Assuming  that  the  Fermi  energy  level 
at  the  gate  is  equal  to  the  conduction  band  energy  in  the  gate 
at  the  gate/AlGaAs  heterointerface,  and  neglecting  the 
variation  of  the  Fermi  energy  in  the  channel  with  applied  gate 
voltage,  the  threshold  voltage  is  given  approximately  by: 

VT  -  -  *2  “  (q  N0  d)/(2  £M)  (V) 
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Figure  1.  Forward  Gate  Bias  Conduction  Band  Diagrams  for 
SISFET  (left)  and  MODFET  (right)  [54:379] 


where:  -  conduction  band  discontinuity  at  the  gate/ 

AlGaAs  heterointerface  (V) 

02  *  conduction  band  discontinuity  at  the  AlGaAs/ 
channel  interface  (V) 
q  =  electron  charge  (coul) 

N„  =  concentration  of  donors  in  AlGaAs  barrier  layer 
(cm'3) 


d  =  thickness  of  AlGaAs  barrier  layer  (cm) 

eM  =  permittivity  of  AlGaAs  barrier  layer  (F/cm) 
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The  Fermi  energy  levels  for  the  gate  and  the  channel  are 
indicated  by  dashed  lines.  In  a  MODFET,  <py  represents  the 
Schottky-barrier.  The  barrier  height  and  02  are  fixed 
according  to  the  materials  used,  but  because  ND  is  large,  the 
value  of  VT  varies  widely  depending  upon  the  values  of  ND  and 
d.  For  the  standard  GaAs  gate  SISFET,  0,  is  a  GaAs/AlGaAs 
hetero junction  discontinuity  and  02  is  an  AlGaAs/GaAs 
hetero junction  discontinuity.  The  symmetry  of  the  two 
heterojunctions  produces  a  device  with  a  natural  threshold 
voltage  near  zero.  This  occurs  because  the  difference  between 
and  02  is  small;  they  are  approximately  equal. 

The  key  point  here  is  that  a  SISFET  structure  results  in 
a  threshold  voltage  which  depends  only  upon  the  materials  used 
because  the  AlGaAs  is  undoped  (N0  is  three  orders  of  magnitude 
less)  .  For  the  MODFET  and  the  SISFET,  a  more  accurate 
expression  for  VT  accounts  for  the  variation  of  the  Fermi 
energy  in  the  channel  with  applied  voltage  [46].  The  result 
is  derived  in  Appendix  A  and  is  equal  to  VT  +  Efj.  The  device 
must  be  in  an  accumulation  mode  in  order  to  realize  a 
practically  useful  conduction.  The  threshold  voltage  of  the 
SISFET  can  also  vary  from  the  above  expression  when  does 
not  equal  the  barrier  height  at  the  gate/AlGaAs  interface 
[48;54].  This  is  the  case  if  the  Fermi  energy  in  the  gate 
region  is  slightly  above  the  conduction  band  energy  in  the 
gate  region  at  the  gate/AlGaAs  interface. 
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Limitations.  In  addition  to  the  critical  dependence  of 
threshold  voltage  with  doping  and  thickness  of  the  AlGaAs, 
other  disadvantages  associated  with  MODFETs  are  as  follows. 
Because  conduction  electrons  come  from  the  doped  AlGaAs,  deep 
trap  states  in  AlGaAs  result  in  Persistent  Photo-Conductivity 
(PPC)  effects  and  can  cause  uncontrollable  threshold  voltage 
shifts  and  I-V  collapse  with  changes  in  either  temperature  or 
illumination.  Gate  voltages  larger  than  the  Schottky-barrier 
height  result  in  parasitic  conduction.  Also,  the  hetero¬ 
interface  may  change  during  high  temperature  annealing  due  to 
field  enhanced  degradation.  There  is  a  electric  field 
(coulombic)  interaction  between  ionized  impurities  in  the 
AlGaAs  and  the  2 DEG  [30;31?17], 

The  non-self-aligned  MODFET  has  another  limitation  which 
arises  from  the  limitations  of  the  fabrication  process.  In 
order  to  create  a  conduction  path  to  the  2 DEG  channel,  the 
source  and  drain  contacts  are  alloyed  (diffused)  into  the 
channel  layer.  Further,  the  fabrication  of  a  depletion  mode 
(normally  off)  device  typically  requires  recess  etching  of  the 
AlGaAs  layer  before  applying  the  Schottky-barrier  gate.  Both 
of  these  factors,  combined  with  the  tolerances  of  the 
lithography  process,  limit  the  performance  of  the  device 
because  they  determine  channel  length.  Specifically,  the 
source-to-drain  separation  results  in  a  channel  length  on  the 
order  of  three  to  four  times  the  gate  length.  The  time 
required  for  charge  carriers  to  traverse  the  channel  is  not 
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only  a  function  of  their  saturated  drift  velocity,  but  also 
of  the  channel  length.  A  shorter  channel  length  results  in 
faster  switching  times  and  a  larger  forward  current  gain 
cutoff  frequency  which  implies  a  larger  f^x  [34;23]. 

SISFET.  Although  the  structure  of  the  SISFET  is  like 
that  of  the  MODFET,  the  first  obvious  difference  is  that  the 
AlGaAs  layer  is  undoped.  As  such,  the  "doping  layer"  is  now 
simply  a  barrier  layer  [27].  Since  the  undoped  barrier  layer 
is  much  like  an  insulator,  and  the  conduction  electrons  are 
confined  to  the  heterointerface,  the  SISFET  is  even  more 
similar  to  the  Metal  Insulator  Semiconductor  FET  (MISFET) ,  so 
widely  used  in  the  VLSI  industry.  Furthermore,  the 
resemblance  of  the  SISFET  to  a  MISFET  is  even  closer  with  the 
fact  that  the  gate  contact  is  an  ohmic  contact  to  a  small 
bandgap  semiconductor.  Figure  2  shows  a  GaAs/AlGaAs/GaAs 
SISFET  structure.  This  device  has  been  successfully 
fabricated  [42].  The  self-aligned  structure  of  a  SISFET 
resulting  from  ion-implantation  creates  a  channel  length  which 
is  equal  to  the  gate  length.  Thus,  assuming  equivalent 
electrical  properties,  the  self-aligned  SISFET  structure  is 
inherently  better  than  a  non-self-aligned  MODFET  structure 
because  of  the  SISFETs  shorter  channel  length. 

In  addition  to  the  self-aligned  feature  of  the  device, 
the  potential  advantages  of  the  SISFET  include:  1)  the 


threshold  voltage  will  not  be  a  sensitive  function  of  the 
doping  concentration  and  thickness  of  the  barrier  layer, 
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Figure  2.  A  GaAs/AlGaAs/GaAs  SISFET  Structure  [42:462] 


2)  the  I-V  collapse  associated  with  the  Donor  complex  (DX) 
trap  center  will  disappear,  3)  the  gate  will  support  larger 
gate  voltages,  and  4)  the  undoped  structure  will  be  more 
resistant  to  high  temperature  annealing  [25;54].  Furthermore, 
since  PPC  effects  will  be  avoided,  the  AlAs  mole  fraction  can 
be  as  large  as  possible  (for  good  quality  layers)  to  maximize 
the  conduction  band  discontinuity  and  obtain  an  improved 
carrier  confinement.  Chapter  II  explains  in  greater  detail 
the  structure  and  operation  of  the  SISFET  and  how  it  solves 
the  aforementioned  problems  of  the  MODFET. 
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Three  problems  associated  with  MODFETs  include:  1)  the 
threshold  voltage  is  critically  dependent  upon  the  doping  and 
thickness  of  the  AlGaAs,  2)  gate  voltages  higher  than  the 
Schottky-barrier  height  result  in  parasitic  conduction,  and 
3)  the  channel  length  is  equal  to  the  source  to  drain  contact 
separation.  The  objective  of  this  thesis  effort  was  to 
investigate  the  fabrication  of,  and  if  successful,  test  a  new 
pseudomorphic  or  strained-channel  SISFET  device  in  which:  1) 
the  threshold  voltage  is  not  a  sensitive  function  of  the 
doping  and  thickness  of  the  barrier  layer,  2)  the  gate 
supports  larger  gate  voltages,  and  3)  the  channel  length 
equals  the  gate  length.  Furthermore,  such  a  SISFET  structure 
would  retain  the  advantages  of  the  pseudomorphic  MODFET. 
Specifically  the  higher  saturation  velocities  [24],  the  higher 
electron  mobilities,  and  the  improved  carrier  confinement  in 
the  quantum  potential  well  would  still  exist. 

Ssape 

The  purpose  of  this  thesis  was  to  investigate  the 
fabrication  of  a  self-aligned  gate  and  ion-implanted  source 
and  drain,  pseudomorphic,  n*-InAs/Undoped  Al0  sGa0  5As/Undoped 
In0  15Ga0  85As  heterostructure,  Semiconductor  Insulator 
Semiconductor  Field-Effect  Transistor  (SISFET) .  The  design 
was  in  concert  with  recommendations  from  previous  MODFET 
research  [41;35;50]  and,  the  thesis  included  fabricating  the 


SISFET  depicted  in  Figure  3 .  The  test  program  included 
attempting  to  measure  the  DC  I-V  characteristics,  and  the 
specific  contact  resistance  (Re)  .  The  study  involved  deriving 
a  first-order  charge  control  model  for  the  SISFET  structure, 
and  this  is  included  because  it  provides  the  theoretical 
motivation  to  build  the  pseudomorphic  SISFET.  Microwave 
measurements  such  as  the  current  gain  frequency  (ft)  ,  the 
maximum  frequency  of  oscillation  (f^),  and  the  noise  figure 
(NF)  were  beyond  the  scope.  The  study  analyzed  the  measured 
DC  figures  of  merit,  and  because  the  test  devices  did  not 
operate  properly,  explanations  for  device  failure  were 
formulated.  The  failure  is  reconciled  with  the  results  from 
the  verification-type  tests  and  with  similar  reports  from  the 
literature.  No  improvement  over  the  "proof  of  concept"  design 
presented  in  Figure  3  was  attempted. 

Summary  of  Current  Knowledge 

The  proposed  SISFET  structure  was  an  attempt  at  solving 
the  above  mentioned  problems  by  not  doping  the  AlGaAs  layer, 
but  instead  by  doping  the  source  and  drain  regions  via  ion 
implantation.  The  so  called  "doping  layer"  is  simply  a 
barrier  layer  [27],  It  was  expected  that  charge  carriers 
would  diffuse  laterally  (primarily  from  the  source  and  drain 
regions)  into  the  quantum  potential  well  to  create  the 
2-Dimensional  Electron  Gas  (2DEG)  channel  [27:381].  Because 
the  barrier  layer  is  undoped,  the  threshold  voltage  of  such 
a  structure  is  not  critically  dependent  on  the  doping  and 
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Figure  3.  Proposed  Pseudomorphic  SISFET  Structure  [41; 35] 


thickness  of  the  AlGaAs.  Instead,  VT  is  given  approximately 
by  the  difference  in  the  barrier  heights  of  the  InAs/AlGaAs 
and  AlGaAs/ InGaAs  interfaces  [54:379]. 

An  examination  of  the  literature  indicates  the  potential 
validity  of  this  approach.  At  least  three  groups  have 
successfully  fabricated  self-aligned  gate  and  ion  implanted 
source  and  drain,  heterostructure,  lattice  matched  SISFETs  of 
either  n*-InGaAs/InAlAs/InGaAs  on  InP  or  n*-GaAs/AlGaAs/GaAs 
on  GaAs  [15; 16; 42 ;54] .  In  the  n*-GaAs  gate  (standard)  SISFET, 
the  fabricated  transistors  exhibited  a  mean  threshold  voltage 
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of  35  mV  with  a  standard  deviation  of  13  mV.  The  fabrication 
and  analysis  of  standard  SISFETs  indicates  an  increased 
problem  with  gate  leakage  current  due  to  the  absence  of  a 
Schottky-barrier  in  this  device.  However,  it  was  concluded 
that  such  structures  do,  in  fact,  have  the  prescribed 
advantages  over  MODFETs.  PPC  effects  were  not  observed,  and 
gate  voltages  ranged  from  -4  Volts  to  +1.4  Volts  [54]. 

The  increase  of  trap  states  with  high  AlAs  mole  fractions 
and  the  occurrence  of  PPC  effects  are  avoided  with  the  SISFET 
because  the  charge  carriers  come  from  source  and  drain,  not 
from  the  AlGaAs.  The  SISFET  is  more  resistant  to  high 
temperature  annealing  because  the  concentration  of  ionized 
donors  in  the  AlGaAs  is  from  background  impurities  only. 

^  Thus,  the  electric  field  perpendicular  to  the  heterointerface 

is  weaker.  Also,  when  the  source  and  drain  contacts  for  a 
MODFET  are  alloyed,  the  AlGaAs  surface  is  exposed.  This  can 
result  in  contamination  of  the  active  region  (AlGaAs)  before 
the  gate  is  applied.  With  SISFETs,  an  advantage  is  that 
during  annealing  and  alloying,  the  gate  has  already  been 
patterned  and  so  the  active  region  is  capped. 

Two  more  subtle  advantages  have  not  been  mentioned. 
First,  the  active  region  is  grown  in-situ.  eliminating  the 
possibility  of  any  contamination  associated  with  a  free  AlGaAs 
surface  and  the  Schottky-barrier  gate.  Second,  parasitic 
conduction  does  not  occur  at  large  forward  gate  bias.  In 
fact,  any  electron  entering  the  AlGaAs  is  swept  into  the  gate 


12 


by  the  gate  field.  Thus,  less  charge  is  stored  in  this  device 
meaning  that  higher  transconductance  should  result.  For  this 
effort,  it  was  anticipated  that  the  superior  properties  of: 
the  higher  saturation  velocity  and  mobility  in  the  InGaAs 
pseudomorphic  channel  [24],  the  higher  mole  fraction  of  AlAs, 
and  the  lower  implantation  energies  would  result  in  a 
preferred  SISFET  device.  Additionally,  the  thinness  of  the 
InGaAs  channel  should  contribute  to  higher  transconductance. 

Approach 

The  effort  included  fabricating  the  SISFET  in  accordance 
with  established  procedures  at  the  University  of  Illinois  and 
the  Air  Force  Avionics  Laboratory.  Substrate  epitaxial  layers 
were  grown  by  Molecular  Beam  Epitaxy  (MBE) .  The  top  n*-InAs 
layer  was  chosen  to  achieve  a  low  resistance  gate  contact 
[47].  Variable  sized  molybdenum  gates  2000  A  thick  were 
deposited  in  lengths  of  2,  4,  6,  10,  and  50  pm.  The  purpose 
was  to  provide  good  statistical  projection  of  measured  values. 
After  evaporation  of  the  gates,  a  self-aligned  etch  of  the 
capping  layer  was  accomplished.  The  removal  of  this  cap  layer 
is  illustrated  in  Figure  3. 

Calibration  of  the  implantation  process  was  done  by 
implanting  *28Si  into  MBE  grown  GaAs  samples,  annealing,  and 
performing  SIMS  and  C-V  measurements.  From  these  results  and 
a  consideration  of  the  thicknesses  of  the  MBE  layers,  the  dose 
and  energy  to  achieve  the  desired  doping  profile  were 
determined.  The  various  samples  were  then  subjected  to  +28Si 


ion  implantation  to  a  depth  of  approximately  750  A  (into  the 
channel  layer) .  The  samples  were  processed  with  a  rapid 
transit  anneal  to  activate  the  implant  and  minimize  dopant 
diffusion.  Device  isolation  was  accomplished  with  a  mesa  etch 
to  the  GaAs  substrate.  Source  and  drain  contacts  were 
deposited  as  400  A  thick  AuGe,  100  A  thick  Ni,  600  A  thick  A1 
and  alloyed  (diffused)  through  to  the  InGaAs  channel  layer 
[42; 54] . 

The  DC  I-V  characteristics  and  the  specific  contact 
resistance  were  measured  when  possible.  In  some  cases,  the 
electrical  characteristics  were  so  inconsistent  that  it  was 
not  possible  to  measure  meaningful  data.  Because  none  of  the 
six  fabrication  runs  produced  transistors  that  worked  as 
expected,  every  attempt  was  made  to  introduce  control  samples 
and  tests  that  would  uncover  problems  in  the  fabrication 
process.  One  example  of  this  effort  was  a  TEM  analysis  of  the 
MBE  material  before  any  processing. 

The  thesis  involved  developing  a  classical,  first-order 
charge  control  model  for  the  new  structure.  The  development 
of  this  model  was  an  important  part  of  this  effort,  and 
although  the  predictions  remain  theoretical,  the  results  from 
the  charge  control  model  are  exciting  and  should  continue  to 
motivate  further  research.  Therefore,  the  details  of  the 
derivations  and  calculations  are  included  in  Appendices  A  and 
B.  The  model  is  unique  in  that  it  accounts  for  the  wide 
variation  of  the  Fermi  energy  level  in  the  InGaAs  over  the 


range  from  the  flatband  condition  to  strong  forward  bias 
(accumulation  mode)  [48:1017]. 


Major  Results 

This  thesis  effort  investigated  a  completely  new  kind  of 
SISFET  device.  A  first  order  charge  control  model  was 
developed  for  this  structure.  The  unique  aspect  of  the 
operation  of  the  pseudomorphic  SISFET  is  that  it  is  an 
accumulation  mode  device.  The  model  was  extended  to  provide 
estimates  for  threshold  voltage,  the  barrier  to  gate  leakage, 
and  I-V  characteristics.  These  derivations  and  calculations 
provided  the  theoretical  motivation  behind  this  attempt  to 
fabricate  a  pseudomorphic  SISFET.  A  significant  result  from 
the  calculations  is  that  the  proposed  pseudomorphic  structure 
would  have  a  barrier  to  perpendicular  transport  (leakage)  that 
is  two  to  three  times  larger  than  in  the  standard  SISFET. 
Thus,  it  is  predicted  that  such  a  structure  might  support  gate 
voltages  of  up  to  three  volts  of  forward  bias.  In  fact,  the 
calculations  show  that  the  sheet  carrier  density  would  not 
reach  5  x  1011  cm'2  until  one  volt  of  forward  bias  is  applied. 

The  attempts  to  fabricate  this  device  proved  to  be  a 
challenging  experience.  Transistor  action  was  achieved,  but 
the  devices  only  conducted  micro-amperes  of  current.  One 
significant  problem  was  faulty  MBE  growth.  The  variety  of 
different  materials  in  this  device  made  the  controllability 
of  the  cap  layer  etch  a  challenge.  There  were  problems  with 
controllability  as  well  as  undercutting.  Because  this  device 
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is  pseudomorphic,  shallow  implants  are  the  only  way  to  have 
the  peak  of  the  implant  contact  the  channel.  There  may  be  a 
serious  problem  with  channeling  of  low  energy  implants  at  high 
doses  even  if  the  sample  is  tilted  off  normal  to  the  (100) 
plane  £34].  This  effect  may  be  due  to  an  ion  beam  defocusing 
problem.  Furthermore,  there  may  be  a  fundamental  problem  with 
implanting  into  a  pseudomorphic  heterostructure,  particularly 
where  the  critical  thickness  of  the  AlGaAs  is  exceeded. 
Dislocation  induced  diffusion  of  impurities  may  result  during 
high  temperature  annealing  and  cause  inadvertent  doping  of  the 
barrier  layer  [34].  Nevertheless,  the  potential  that  this 
new  device  promises  should  continue  to  be  explored. 

Plan  of  Development 

The  sequence  of  presentation  for  this  thesis  follows. 
Chapter  II  reviews  the  literature  pertaining  to  hetero¬ 
structure  transistor  devices  and  their  principles  of 
operation,  particularly  with  regard  to  the  pseudomorphic  or 
strained-channel  heterostructure.  This  review  includes 
information  pertaining  to  the  SISFET  structures  that  have  been 
successfully  fabricated  and  their  advantages  and 
disadvantages.  Also  presented  is  the  result  from  quantum 
mechanics  which  predicts  the  quantization  of  electron  energy 
in  the  channel.  The  review  concludes  with  a  concise 
description  of  how  the  proposed  pseudomorphic  SISFET  will 
solve  the  problem.  Chapter  III  details  the  experimental 
procedure  defined  in  this  study.  It  provides  a  description 
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of  any  equipment  used  to  either  fabricate  or  test  the  devices. 
This  chapter  further  gives  the  process  and  the  detailed  steps 
of  the  fabrication  of  the  devices.  Chapter  IV  presents  the 
test  configurations,  the  results,  and  an  analysis  of  the 
results  in  light  of  the  experimental  procedure.  Given  that 
the  test  devices  did  not  work  as  expected,  the  results  are 
analyzed  with  respect  to  the  fabrication  procedure.  The  final 
chapter  provides  conclusions  drawn  from  the  research  and  gives 
recommendations  for  follow-on  work. 
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This  chapter  reviews  current  literature  pertaining  to  the 
structure  and  basic  principles  of  a  self -aligned,  strained- 
channel  SISFET.  The  purpose  is  two- fold.  First,  it  is  to 
document  the  current  state  of  knowledge  with  respect  to 
SISFETs.  Second,  it  is  to  provide  an  unfamiliar  reader  with 
the  background  required  to  understand  and  appreciate  the 
results  of  this  study. 

Overview 

The  MODFET  is  a  heterostructure  device  which  is  similar 
to  the  SISFET.  Therefore,  a  logical  starting  point  in  this 
chapter  is  the  operation  and  fabrication  of  the  standard 
MODFET.  After  presenting  this  technology,  along  with  its 
drawbacks,  this  review  examines  the  characteristics  of  the 
Pseudomorphic  MODFET  (PMODFET)  and  reviews  the  effect  of 
strain  on  the  electrical  properties  of  such  a  device.  This 
provides  a  basis  upon  which  to  discuss  heterostructure  devices 
in  general;  their  theory  of  operation,  the  strained  quantum 
well  heterostructure,  and  the  donor  complex  trap.  The 
strained-channel  or  pseudomorphic  SISFET  device  attempted  in 
this  study  has  not,  to  date,  been  successfully  fabricated; 
however,  several  groups  [15; 42; 54]  have  successfully  built 
similar  (lattice  matched)  SISFETs.  The  results  of  these 
efforts  is  presented  in  detail.  A  summary  of  the  major 


advantages  and  disadvantages  of  the  SISFET,  as  observed  from 


the  performance  of  SISFETs  follows.  A  description  of  the 
design  of  the  pseudomorphic  SISFET  and  how  it  solves  the 
stated  problems  concludes  the  chapter. 

M9BFEI 

The  MODFET,  like  a  MEtal -Semiconductor  FET  (MESFET) , 
consists  of  two  ohmic  contacts  (source  and  drain)  and  a 
Schottky-barrier  gate  which  modulates  the  flow  of  current 
between  the  source  and  drain.  Figure  4  shows  a  typical  MESFET 
structure  with  a  three-dimensional  (or  bulk)  GaAs  channel. 
High  frequency  operation  in  a  MESFET  requires  small  gate 
lengths,  but  with  the  smaller  dimensions,  adequate  current 
carrying  capacity  requires  higher  doping  concentrations  in  the 
channel.  In  bulk  semiconductors,  the  greater  the  doping 
concentration,  the  lower  the  charge  carrier  mobility  due  to 
increased  impurity  scattering  [53].  In  short,  speed  versus 
current  capacity  is  a  design  tradeoff  [12:773]. 

Operation.  Generally,  in  doped  bulk  semiconductors, 
carrier  mobility  decreases  with  decreasing  temperature  because 
of  impurity  scattering.  At  high  enough  doping  levels, 
impurity  scattering  will  degrade  mobility  even  at  room 
temperature.  However,  in  modulation-doped  heterostructures, 
the  designer  can  meet  the  requirement  for  large  carrier 
concentrations  in  very  thin  films  without  the  problem  of 
impurity  scattering  becoming  dominant  [45:192].  Specifically, 
in  a  standard  MODFET,  as  shown  in  Figure  5,  a  heterojunction 


Figure  4.  A  Typical  MESFET  Structure.  Dotted  Lines  Indicate 
Alloying  to  Produce  an  Ohmic  Contact  [3:1399] 

consists  of  AlGaAs  and  GaAs  layers.  The  structure  produces 
a  conduction  band  discontinuity  which  results  in  a  quantum 
potential  well  that  traps  electrons  at  the  interface. 
Electrons  from  the  doped  AlGaAs  barrier  layer  diffuse  through 
the  undoped  AlGaAs  separation  layer  into  the  lower  energy 
quantum  well  in  the  smaller  bandgap  GaAs  layer.  The  electrons 
are  confined  to  moving  parallel  to  the  interface  between  the 
AlGaAs  and  GaAs  [12;44:187J.  Current  conduction  occurs  in  the 
undoped  region  of  GaAs.  The  electron  energy  is  quantized,  and 
the  electrons  are  confined  to  a  thin  sheet  of  charge  called 
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a  quasi  2-Dimensional  Electron  Gas  (2DEG)  channel  [10:790;27]. 
The  spatial  separation  of  the  electrons  in  the  GaAs  from  the 
ionized  donors  in  the  n-doped  AlGaAs  greatly  reduces  impurity 
scattering.  The  dotted  lines  indicate  the  alloying  of  source 
and  drain  contacts  in  order  to  obtain  an  ohmic  contact  to  the 
channel.  The  end  result  is  a  transistor  with  high  mobilities, 
large  electron  velocities,  and  very  large  transconductances 
at  very  small  values  of  drain  voltage  [55:1015]. 


Figure  5.  A  Typical  MODFET  Structure  [55:1018] 
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Fabrication.  The  MODFET  fabrication  process  requires 
Molecular  Beam  Epitaxy  (MBE)  in  order  to  produce  thin 
epitaxial  layers  with  abrupt  heterojunctions  and  doping 
profiles  [37].  Once  the  buffer,  separation,  and  doping  layers 
are  grown  on  a  chromium  doped  Semi-Insulating  (SI)  substrate, 
device  isolation  is  the  second  step.  This  involves  etching 
mesas  down  to  the  buffer  layer.  Using  either  standard 
electron-beam  or  optical  lithography  techniques,  the  source 
and  drain  contacts  are  defined  in  positive  photoresist.  Au, 
Ge,  and  Ni  are  evaporated  and  a  liftoff  technique  defines  the 
contacts.  Annealing  or  alloying  the  contacts  allows  the  Ge 
to  diffuse  down  into  the  buffer  layer  and  to  produce  an  ohmic 
contact.  The  gate  region  is  recessed,  and  a  Schottky  barrier 
gate  is  applied.  The  degree  to  which  recessing  of  the  gate 
is  done  determines  a  depletion  or  enhancement  mode  of 
operation  [12:792]. 

Disadvantages .  The  major  drawback  of  the  standard  MODFET 
is  its  inability  to  support  gate  voltages  larger  than  the 
Schottky  barrier  height  [35],  Thus,  the  maximum  gate  voltage 
is  between  0. 8-1.0  volts.  This  is  due  to:  thermionic  leakage 
at  the  Schottky-barrier  gate,  tunneling  mechanisms  at  the 
hetero junction,  and  a  parasitic  MESFET  conduction  path  in  the 
n-AlGaAs  layer  [31:29].  This  problem  also  limits  the  power 
capability  of  the  MODFET.  One  method  to  improve  this 
disadvantage  is  to  add  a  thin  p+  Be-doped  layer  between  the 
n-doped  AlGaAs  layer  and  the  metal  gate.  This  structure  is 
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called  an  Enhanced  Schottky-barrier  MODFET  (or  ESMODFET) ,  but 
its  maximum  gate  voltage  is  still  limited  to  1.6  volts 
[49;50] . 

The  primary  reason  for  using  the  AlGaAs/GaAs  hetero¬ 
structure  in  the  MODFET  is  that  the  lattice  constants  of  these 
two  materials  differ  by  only  a  few  hundredths  of  a  percent 
over  the  entire  compositional  range  of  AlGaAs  [55:1020],  This 
allows  for  growth  of  heterojunctions  that  are  not  dominated 
by  misfit  dislocations.  However,  in  practice,  the  fact  that 
high  quality  layers  of  AlGaAs/GaAs  may  be  grown  for  any  AlAs 
mole  fraction  is  not  as  important  as  other  considerations. 
The  bandgap  of  AljGa^As  increases  with  increasing  AlAs  mole 
fraction  (x) ,  and  in  order  to  have  a  2 DEG  sheet  carrier 
density  approximately  equal  to  1012cm'2,  the  conduction  band 
discontinuity  <t>2  must  equal  0.3  volts  [35],  This  requires  a 
mole  fraction  of  x  equal  to  0.3.  Higher  mole  fractions  would 
yield  a  higher  2 DEG  density,  but  for  x  greater  than  0.2, 
problems  of  Persistent  Photoconductivity  (PPC)  and 
uncontrollable  threshold  voltage  shifts  dominate.  PPC  effects 
cause  the  collapse  of  I-V  characteristics  and  are  caused  by 
deep  level  Donor  complex  trap  states  (DX  centers)  in  the 
silicon  doped  AlGaAs  [39:118].  Higher  AlGaAs  doping  increases 
the  2DEG  density,  but  increases  the  threshold  voltage 
sensitivity.  A  final  consideration  is  that  the  silicon  donor 
binding  energy  is  at  a  minimum  in  the  range  from  x  =  0.20  to 
x  =  0.30.  Thus,  the  portion  0.25  <  x  <  0.30  of  the 
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compositional  range  is  the  most  useful  for  the  design  of  a 
standard  MODFET  [35:47]. 

Pseudomorphic  MODFET.  A  MODFET  structure  which  partially 
eliminates  these  problems  is  called  the  Pseudomorphic  MODFET 
(or  PMODFET) .  It  is  also  called  a  strained  quantum-well  or 
strained  channel  MODFET.  The  PMODFET  device  is  based  on  an 
AljGa^As/lPyGa^yAs  hetero junction  as  shown  in  Figure  6,  where 
x  is  the  AlAs  mole  fraction  and  y  is  the  InAs  mole  fraction. 
Because  InyGa^yAs  has  a  smaller  bandgap  than  GaAs,  it  is 
possible  to  achieve  the  desired  conduction  band  discontinuity 
with  an  AlAs  mole  fraction  x  equal  to  0.15.  When  x  is  less 
than  0.2,  PPC  effects  are  greatly  reduced  [63:84]  because  the 
DX  center  concentration  becomes  very  small.  Also,  decreasing 
the  AlAs  mole  fraction  permits  AlxGaKxAs  to  be  doped  to  higher 
densities  due  to  reduced  donor  compensation.  This  feature  not 
only  increases  the  2 DEG  density  but  also  causes  a  slightly 
larger  Schottky-barrier  height  [55].  Furthermore,  a  PMODFET 
has  higher  saturation  velocities,  higher  mobilities,  and 
improved  carrier  confinement  in  the  quantum  potential  well  as 
compared  to  similar  properties  of  a  MODFET  [35; 38; 58]. 

A  major  constraint  in  the  use  of  an  AlGaAs/InGaAs 
heterostructure  is  a  lattice  constant  mismatch  between  inGaAs 
and  GaAs.  The  mismatch  increases  with  a  larger  InAs  mole 
fraction.  For  y  equal  to  0.15  and  an  InGaAs  layer  thickness 
of  less  than  200  A,  the  lattice  constant  mismatch  is 
approximately  1%.  As  long  as  the  InGaAs  layer  is  below  this 
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critical  thickness,  the  layers  associated  with  the  hetero-  I 

- 

structure  are  coherently  strained.  This  lattice  is  called  a 

dislocation  free  "pseudoJnorphic,,  material  [63].  The  strain 

results  in  tension  or  compression  and  thus  an  increase  or  I 

decrease,  respectively,  in  the  equilibrium  lattice  constant. 

Figure  7  shows  how  the  energy  band  gap  changes  as  a  function 
of  the  equilibrium  lattice  constant.  | 

Therefore,  the  strain  results  in:  1)  tension  which 

slightly  reduces  the  energy  bandgap  of  the  AlGaAs ,  and  2) 
compression  which  slightly  increases  the  energy  bandgap  of  the  ! 
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Figure  7.  Energy  Bandgap  as  a  Function  of  the  Equilibrium 
Lattice  Constant,  ao  [63] 

InGaAs.  The  end  result  is  a  reduction  in  <t>2,  the  conduction 
band  discontinuity  [39?35].  But  overall,  PMODFETs  have  better 
high  frequency  performance  and  lower  noise  figures  [35:50]. 
Also,  it  is  possible  to  add  a  thin  p+  layer  to  increase  the 
Schottky-barrier  height  to  1.6  volts  [52:537;35].  This  is 
called  an  Enhanced  Schottky-barrier  PMODFET  (or  ESPMODFET) 
[50:6],  Other  than  the  implications  of  a  different  and 
strained  material  structure,  the  principles  of  operation  for 
the  PMODFET  are  the  same  as  for  the  MODFET.  Both  devices  are 
quantum  well  devices.  That  is  to  say:  the  energy  of  the 
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conduction  electrons,  which  are  trapped  in  the  potential  well 
created  by  the  heterojunction,  is  quantized.  Thus,  in  order 
to  better  understand  the  principles  of  operation,  it  is 
appropriate  to  discuss  heterostructures. 

Heterostructure  Devices 

A  heterostructure  simply  consists  of  an  abrupt  junction 
between  two  semiconductors  having  differing  band  gap  energies 
[59].  The  conduction  band  and  the  valence  band  will  be 
discontinuous  at  the  heterointerface.  This  situation  occurs 
because  the  Fermi  energy  levels  align  at  thermal  equilibrium 
and  because  the  vacuum  level  must  be  continuous  [40;60].  If 
the  semiconductor  having  the  smaller  electron  affinity  is 
doped,  charge  carriers  from  the  impurities  will  diffuse  into 
(and  be  trapped  in)  the  quantum  well  created  by  the 
discontinuity  [12:776].  With  thin  epitaxial  layers,  this  well 
becomes  quasi  two-dimensional.  Thus  the  name  2 DEG .  According 
to  Kelly,  Anderson's  model  gives  the  conduction  band 
discontinuity  to  be  aEc  =  q-  (^”*2)  (eV)  where  and  are  the 
electron  affinities  of  each  semiconductor  [27:373]. 
Typically,  in  a  MODFET  structure,  the  conduction  band 
discontinuity  is  approximately  65  percent  of  the  energy  gap 
difference  AEg  (eV)  [60], 

Theory  of  Operation.  The  channel  layer  heterojunction 
and  the  resultant  conduction  band  discontinuity  (and  quantum 
well)  in  a  MODFET  structure  are  the  key  to  understanding  its 
operation.  Indeed,  this  is  the  key  to  understanding  any 
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quantum  well  device.  Fundamental  to  modelling  the  NODFET  and 
the  SISFET  is  the  estimation  of  the  2DEG  density  as  a  function 
of  the  applied  gate  voltage.  The  spatial  electronic 
distribution  of  a  mobile  electron  gas  is  described,  in 
general,  by  the  Schrodinger  (wave  function)  and  Poisson 
(charge  density)  equations  [53].  When  electrons  in 
semiconductors  are  confined  to  move  within  a  region  surrounded 
by  potential  barriers,  their  energies  undergo  additional 
quantization.  This  occurs  when  the  widths  of  the  potential 
wells  are  substantially  less  than  the  carrier  de  Broglie 
wavelength  or  electron  mean  free  path.  The  de  Broglie 
wavelength  of  a  thermal  electron  is  approximately  260  A  at 
room  temperature  and  becomes  longer  at  lower  temperatures 
[11:338] . 

Quantum  wells  are  most  easily  described  in  one  dimension. 
The  analytical  solution  to  Schrodinger 's  wave  equation  is 
based  on  the  assumption  of  an  infinite  barrier  at  the 
heterointerface  and  on  the  linear  approximation  of  the 
potential  in  the  channel  as  a  function  of  the  perpendicular 
(surface)  electric  field  in  the  vicinity  of  the 
heterointerface  [57:840].  The  result  is  the  well  known  Airy 
equation  [53: 519; 57].  The  sub-band  energies  with  respect  to 
the  conduction  band  in  the  channel  at  the  heterointerface  are 
given  by  this  equation  as: 

En  «  (hZ/2  q  m)1/3[-3'JT  •  E,  •  (n  +  %)/2]Z/3  (V)  n=0,l,2,... 
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where:  n  *  reduced  Planck  constant  (Js) 

m  =  effective  mass  (Kg) 

Ez  *  surface  electric  field  (V/m)  in  the  channel, 
derived  in  Appendix  A  as  Ez(z=0’)  **  -q  n#/e,n 


This  equation  approximates  the  exact  solution  for  the 
triangular  potential  well  with  a  2  percent  error  [53:519]. 
The  surface  field  is  related  to  the  surface  carrier  density 
and  ionized  impurities  in  the  channel  by  Gauss'  Law. 

The  density  of  states  is  quantized  with  respect  to  the 
ground  sub-band,  and  the  first  two  sub-bands  contain  80 
percent  of  the  free  electrons  at  room  temperature  [64:308]. 
In  most  device  modelling,  it  is  a  satisfactory  approximation 
to  consider  only  the  first  two  energy  levels.  By  integrating 
the  product  of  the  density  of  states  function  and  the  Fermi- 
Dirac  statistics  distribution,  the  density  of  charge  in  the 
channel  is  given  by: 


DVT 


n*1 


n*  = 


X  -  [ 

n=0 


1  + 


<J  (Efi  -  En) 

exPt  - kj -  ]  J 


(cm2) 


where:  D  =  qm/(jrh2)  =  3.24  x  1013  (cm'2  V'1) 

Ef1  =  Fermi  energy  with  respect  to  the  conduction 
band  in  the  channel  at  the  heterointerface  (V) 


k,  =  1.38  X  10  23  (J/'K) 


T  =  temperature  (*K) 


The  variable  D  is  the  density  of  states  of  the  2 DEG  as 
calculated  from  the  measured  cyclotron  effective  mass,  and  kg 
is  the  Boltzmann  constant.  For  the  first  two  energy  levels 
the  summation  is  from  n-0  to  n-1.  Since  there  are  only  two 
relevant  levels  in  the  potential  well,  the  discrepancy  between 
the  continuous  (neglecting  quantization  in  the  well)  and  the 
discrete  models  is  quite  large.  Also,  because  the  Fermi 
energy  level  is  in  the  quantum  well,  Fermi-Dirac  statistics 
must  be  used.  As  a  consequence  of  these  considerations,  there 
is  a  strong  dependence  of  the  Fermi  level  position  on  the 
surface  carrier  concentration  [48].  Motion  perpendicular  to 
the  interface  is  hardly  affected,  and  quasi  two-dimensional 
behavior  results.  A  simultaneous  solution  of  the  above 
equation  and  the  one-dimensional  Poisson's  equation  for  the 
potential  at  the  gate  yields  the  value  of  ns  as  a  function  of 
the  applied  gate  voltage  [57; 64].  The  equation  for  electron 
potential  is  derived  in  Appendix  A,  and  the  simultaneous 
solution  is  accomplished  in  Appendix  B  for  various  values  of 
applied  gate  voltage. 

Strained-Channel .  The  pseudomorphic  or  strained-channel 
heteroj unction  consists  of  a  quasi-rectangular  quantum-well. 
This  well  is  able  to  confine  the  2 DEG  more  effectively  than 
the  quasi-triangular  well  of  the  AlGaAs/GaAs  heterojunction 
[44].  This  is  shown,  via  the  conduction  band  diagram,  for  an 
AlGaAs/InGaAs  Pseudomorphic  MODFET  in  Figure  8.  The  quantum- 
well  layer  has  gap  discontinuities;  <p2  equal  0.3  V  on  the 


Figure  8.  Quasi  Rectangular  Quantum-Well  of  a  Pseudomorphic 
Heterostructure  MODFET  [35:46] 

y=0.15  AlGaAs  side,  and  03  equal  0.17  V  on  the  p'GaAs  side. 
This  potential  difference  forms  the  quasi- rectangular  well. 
In  the  standard  AlGaAs/GaAs  heterostructure,  the  2 DEG  is 
confined  by  the  barrier  <p2  -  Efj  (defined  in  Chapter  I)  at  the 
hetero junction.  On  the  GaAs  side,  the  potential  barrier 
results  only  from  the  surface  electric  field.  In  a 
pseudomorphic  structure,  both  the  AlGaAs/ InGaAs  and 
InGaAs/GaAs  barrier  potentials  and  this  electrostatic 
potential  confine  the  2 DEG.  The  result  is  a  higher  carrier 
sheet  density  n#  for  a  given  gate  voltage.  This  translates  to 
lower  output  conductance  and  either  greater  efficiency  or  the 
ability  to  carry  larger  currents  [35:50]. 
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In  a  pseudomorphic  heterostructure,  like  the  AlGaAs/ 
InGaAs/GaAs  system,  lattice  constant  mismatches  exist.  A  plot 
of  energy  gap  versus  lattice  constant  for  several  III-V 
semiconductors  is  depicted  in  Figure  9.  The  lines  that 
connect  the  points  show  how  the  bandgap  and  lattice  constant 
vary  for  stoichiometric  mixtures  of  the  binary  and  quaternary 
(Q)  compounds  represented  by  the  points.  However,  if  the 
InGaAs  is  below  a  critical  thickness,  it  undergoes  a 
tetragonal  distortion  (compression)  from  its  normal  cubic 
structure.  The  epitaxial  lattice  planes  normal  to  the 
substrate  elongate  to  produce  an  atomic  plane  which  is  in 
tension.  Because  of  this  feature,  the  InGaAs  is  termed  a 
pseudomorphic  layer.  The  importance  of  this  concept  is  the 
flexibility  it  adds  to  the  design  process.  The  designer  can 
use  materials  such  as  InGaAs  with  superior  electrical 
properties  for  a  device  channel  [63:87].  The  main 
consideration  for  a  strained  channel  device  is  that  the 
epitaxial  layer  with  the  larger  lattice  constant  be  less  than 
a  critical  thickness  [39:118].  For  example,  given  an  InAs 
mole  fraction  of  y=0.15,  the  InGaAs  layer  thickness  on  GaAs 
must  not  exceed  200  A  [35:47].  The  layer  with  the  smaller 
lattice  constant  (typically  AlGaAs)  above  the  strained  layer 
(typically  InGaAs)  will  also  have  a  critical  thickness. 

The  strain  in  these  epitaxial  layers  is  depicted  in 
Figure  10,  and  it  results  in  the  modification  of  the  band 
structure.  Under  compressive  strain,  the  inter-atomic  spacing 
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Figure  9.  Energy  Gap  Versus  Lattice  Constant  [35:58] 

a0  decreases,  and  the  bandgap  increases.  Under  tensile  strain 
a0  increases,  and  the  bandgap  decreases.  However,  these 
tensile  and  compressive  strains  do  not  significantly  offset 
the  fact  that  the  saturation  velocity,  vs,  for  y=0.15  InGaAs 
is  33  percent  larger  than  for  GaAs  [35:47:38].  The  larger 
saturation  velocity  results  in  higher  intrinsic 
transconductance,  g^,  and  an  increased  forward  current-gain 
cutoff  frequency,  ft.  This  may  be  shown  as  follows: 
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is  the  average 


ft  =  u.v9/(2  *  L>  (sec'1) 

where  L  is  the  channel  length  (cm)  and  viV9 
carrier  velocity  (cm/sec) . 


Figure  10.  Compressive  and  Tensile  Strain  [63:85] 


Donor  Complex  Traps.  This  serious  problem  affects 
hetero junction,  quantum  well  transistors  which  employ  an 
AlGaAs  alloy.  These  traps  manifest  themselves  in  drain 
current  collapse  at  77  *K,  as  well  as  in  threshold  voltage 
shifts  and  PPC  effects.  The  so  called  DX  center  is  uniquely 
associated  with  n-type  AlGaAs,  and  it  has  been  extensively 
studied.  Some  of  its  properties  are  as  follows.  DX  centers 
are  associated  with  AlGaAs  donor  species.  Also,  the  density 
of  these  deep  traps  approaches  the  donor  concentration  and  is 
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increasingly  severe  for  increasing  AlAs  mole  fraction.  The 
density  peaks  at  40  to  50%.  At  low  temperatures,  the  DX 
center  is  ionized  toy  light.  This  causes  free  carriers  to 
remain  in  the  AlGaAs  without  recapture,  and  the  effect  is 
termed  Persistent  Photoconductivity  (PPC) .  These  properties 
are  associated  with  the  band  structure  of  AlGaAs  [27:380], 
A  property  that  is  not  fully  understood  is  the  variation  of 
the  silicon  donor  binding  energy  with  x  value.  However,  it 
is  known  that  the  DX  center  concentration  becomes  very  small 
when  the  AlGaAs  is  undoped.  In  undoped  AlGaAs,  the  DX  center 
may  be  present  in  concentrations  proportional  to  the  number 
of  native  defects.  The  significance  of  this  is  that  the 
SISFET  is  not  subject  the  same  I-V  collapse  of  the  MODFET. 
It  is  because  the  AlGaAs  in  the  SISFET  is  undoped. 

SISFET 

The  structure  in  Figure  2  was  an  attempt  to  solve  the 
prescribed  problems  by  not  doping  the  AlGaAs  layer  but  instead 
by  doping  the  source  and  drain  regions  via  ion  implantation. 
As  such,  the  previously  termed  "doping  layer"  is  simply  a 
barrier  layer.  In  a  SISFET,  the  electrons  diffuse  from  the 
source  and  drain  regions  (laterally)  into  the  quantum 
potential  well  to  create  the  two  dimensional  electron  gas 
channel  [27:381]. 

An  examination  of  the  literature  reveals  that  SISFETs  do 
operate  as  stated  above  [6;26;48;53] .  At  least  three  research 
groups  have  successfully  fabricated  self-aligned  gate  and  ion 
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implanted  source  and  drain,  heterostructure  FETs  of  either 
n*-GaAs/AlGaAs/GaAs  on  GaAs  or  n*-InGaAs/InAlAs/InGaAs  (lattice 
matched)  on  InP  [15;42;54].  The  success  that  these  groups 
have  had  in  building  SISFETs  buttressed  this  effort  and  the 
idea  that  it  is  possible  to  build  a  pseudomorphic  SISFET.  The 
following  subsections  summarize  the  work  of  each  group. 

Matsumoto  and  Others.  This  Japanese  group  (1984) 
fabricated  the  first  self-aligned  accumulation-mode  GaAs  Metal 
Insulator  Semiconductor  (MIS) -like  FET  having  an  n*-GaAs/ 
undoped  AlGaAs/undoped  GaAs  structure.  The  devices  were  named 
SISFETs.  The  group  tested  41  samples  that  showed  an  average 
threshold  voltage,  VTh,  of  0.035  V  with  transconductance,  gm, 
as  high  as  170  mS/mm  for  a  2  m®  gate  length.  The  n*-GaAs 
layer  is  used  as  a  gate  in  this  structure,  and  because  the 
AlGaAs  layer  is  undoped,  the  fabrication  process  naturally 
produces  a  device  with  a  threshold  voltage  near  zero.  The 
structure,  which  has  already  been  shown  in  Figure  2,  was  grown 
by  MBE.  It  consisted  of  a  1.35  nm  undoped  GaAs  buffer  layer, 
a  0.05  /im  undoped  x=0.4  AlGaAs  barrier  layer,  and  a  0.5  Mm  n* 
silicon  doped  GaAs  gate  layer.  The  top  n*  layer  was 
selectively  etched  to  form  a  gate  which  also  functioned  as  a 
mask  for  ion  implantation.  The  source  and  drain  were 
implanted  with  silicon  ions  at  a  flux  of  2  x  1013  cm"2  and  an 
energy  of  100  KeV.  Rapid  annealing  was  done  at  800  *C  for  30 
seconds.  The  AlGaAs  layer  was  selectively  etched.  Finally, 
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evaporating  and  alloying  the  source  and  drain  contacts 
completed  the  process  [42]. 


Solomon  and  Others.  This  group  at  IBM  (1983)  fabricated 
a  SISFET  structure  of  GaAs/AlGaAs/GaAs  layers;  however ,% unlike 
the  Matsumoto  group,  the  Solomon  group  selectively  etched  all 
of  the  AlGaAs  when  patterning  the  gate  before  ion  implan¬ 
tation.  Additionally,  the  thicknesses  of  the  respective 
layers  were  slightly  different.  The  significance  of  this 
study  is  that  they  achieved  results  similar  to  those  of 
Matsumoto 's  team.  The  short  channel  (1  /im)  devices  showed 
threshold  voltages  within  50  mV  of  zero  and  transconductances 
as  high  as  240  mS/mm  with  a  normalized  (scaled  resistance, 
i.e.  multiplied  by  the  contact  width)  drain  resistance  of  2 
n  mm  [54].  Typical  measured  contact  resistances,  Rc,  ranged 
from  0.1  to  0.3  n-mm  [53:602]. 

A  schematic  cross-section  of  this  SISFET  is  shown  in 
Figu  e  11.  These  structures  were  grown  by  MBE  on  a  (100) 
Semi-Insulating  (SI)  GaAs  substrate.  A  1  nm  undoped  GaAs 
buffer  layer,  a  600  A  undoped  Al0  4Ga0  6As  barrier  layer,  and  a 
0.4  /im  GaAs  n*  silicon  doped  capping  layer  were  then  grown. 
Next,  a  0.15  urn  molybdenum  layer  was  deposited  by  electron 
beam  evaporation.  The  molybdenum  gate  contact  is  ohmic.  The 
metal  was  patterned  using  a  reactive  ion  etching  technigue 
(RIE)  and  a  CF4-02  plasma.  The  GaAs  was  selectively  etched 
using  a  CC12F2-He  plasma  which  stops  at  the  AlGaAs  surface. 
This  process  resulted  in  some  undercutting.  Source  and  drain 
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Figure  11.  Cross  Section  of  GaAs  Gate  SISFET  [53:601] 


regions  were  then  implanted  with  100  KeV  silicon  ions  at  a 


dose  of  5  x  1013  cm'2.  The  devices  were  annealed  at  750  ’C  for 


2  sec.  Finally,  Au/Ni/Au-Ge  ohmic  source  and  drain  contacts 
were  evaporated  and  alloyed  [53]. 

Feuer  and  Others.  This  group  at  AT&T  Bell  Laboratories 
(1987)  fabricated  lattice  matched  SISFETs  with  n*-InGaAs  gates 
on  an  InP  substrate.  The  motivation  for  this  study  was  to 


take  advantage  of  the  superior  properties  of  an  InGaAs 
channel.  The  structure  consisted  of  a  0.4  jim  In0  5JGa0  67As 
channel  layer,  a  0.06  nm  In0  5JA10  ^s  barrier  layer,  and  a 
0.2  im  n*-In0  53Ga0  47As  gate  layer.  The  fabrication  process  was 
similar  to  the  Solomon  group,  except  that  different  materials 
were  used.  One  main  difference  was  the  implantation  of 
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silicon  ions  with  a  dose  of  5  x  1013  cm'2  and  an  energy  of  150 
KeV.  The  sheet  resistance  of  the  implanted  material,  Rs,  was 
40  n/a.  The  finished  devices  exhibited  a  transconductance  as 
high  as  250  mS/mm  for  a  1.7  Mm  gate  length;  however,  the 
devices  could  not  be  pinched  off.  They  attributed  £15:35] 
this  result  to  parasitic  conduction  in  the  channel  which  is 
either  due  to  a  thick  channel  or  too  large  an  energy  for  ion 
implantation  [15]. 

One  year  later  this  same  team  was  more  successful.  These 
layers  were  grown  on  Fe-doped  semi-insulating  InP  substrates. 
The  layers  consisted  of:  a  0.3  nm  In0  53A10  48As  buffer  layer, 
a  0.03  Mm  In0  53Ga0  47As  channel  layer,  a  0.05  nm  In0  .53^0. 48As 
barrier  layer,  a  0.005  fim  In0  53Ga0  47As  spacer  layer,  and  a 
0.2  Mm  n*-In0  53Ga0  47As  gate  layer.  First,  a  2000  A  gate  mask 
layer  of  tungsten  was  deposited  as  the  gate  metal,  using 
electron  beam  evaporation  with  Ar*  bombardment  to  relieve 
stress.  Reactive  ion  etching  in  SF6  and  then  CCl2F2/He/02  was 
used  to  pattern  the  W  gate  mask  and  then  etch  the  n*  InGaAs 
cap  layer,  respectively.  Thus,  total  undercutting  was 
minimized  to  less  than  0.1  Mm  of  the  1.1  Mm  gate  metal  length 
[16:162] . 

Self-aligned  source  and  drain  contacts  were  implanted  at 
room  temperature  using  *28Si  ions  at  a  dose  of  2  x  1013  cm'2  and 
at  an  energy  of  150  KeV.  Samples  were  proximity  annealed 
under  a  GaAs  cap  for  10  seconds  at  750  ‘C.  Next,  source  and 
drain  contacts  of  Au/Ge/Ni  were  deposited  and  alloyed. 
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Finally,  mesa  isolation  was  accomplished  using  a  wet  etch. 
This  etch  undercut  the  gate  between  the  gate  contact  and  the 
active  region.  This  was  done  to  avoid  leakage  current  at  the 
mesa  edge  [16:162]. 

For  these  devices,  the  gate  lengths  were  1.1  mid  and  gate 
widths  were  100  nm.  The  devices  exhibited  sharp  pinchoff  and 
low  output  conductance  on  the  order  of  10-20  mS/mm.  Forward 
bias  gate  leakage  was  typically  50  nh  at  +1.0  volts 
(Vos  =  o  volts)  .  Reverse  bias  leakage  was  typically  20  /iA  at 
-1.0  volts.  Peak  extrinsic  transconductance  was  220  mS/mm. 
Specific  contact  resistances  of  source/drain  contacts  was 
2.0  flmm  (high)  because  of  contamination.  Sheet  resistance 
for  the  gate  contacts  was  typically  2  n/«.  Microwave 
measurements  revealed  a  maximum  frequency  of  oscillation,  fMll, 
equal  to  19  GHz.  The  unity  current-gain  cutoff  frequency,  ft, 
was  equal  to  27  GHz.  The  dominant  factor  limiting  microwave 
power  gain  was  attributed  to  high  gate  contact  resistance 
[16:162-164]. 

Performance  Summary.  The  performance  of  the  transistors 
fabricated  by  these  research  groups  is  summarized  in  Table  1. 
In  all  cases  the  transistors  operated,  had  high  transcon¬ 
ductances  for  the  gate  lengths  involved,  and  had  threshold 
voltages  within  500  mV  of  zero.  The  first  SISFET  on  InP  had 
considerable  parasitic  conduction  problems,  but  the  second 
attempt  by  Feuer's  team  produced  excellent  results.  However, 
work  on  InP  substrates  is  in  its  infancy  as  compared  to  GaAs. 


40 


Table  1.  Performance  Summary  of  Successfully  Fabricated 
Lattice  Matched  SISFETs 


Comments  and/or  Problems 


Matsumoto 

Solomon 

Feuer  a) 
b) 


Gate  voltages  to  +0.8  volts  with  less  than 
40  mA  gate  leakage 

Gate  voltages  ranging  from  -4.0  to  +1.4  volts 
with  less  than  10  nA  gate  leakage 

Devices  could  not  be  pinched  off;  VTh  not 
measurable 

f^  =  19  GHz,  ft  =  27  GHz.  Gate  voltages 
to  +1.0  volts  with  50  mA  gate  leakage 


It  is  less  well  understood  and  less  prevalent,  and  GaAs  is  a 
physically  stronger  material.  For  these  reasons,  this  effort 
has  concentrated  on  improving  SISFET  technology  on  GaAs. 
Furthermore,  it  is  conceivable  that  a  pseudomorphic  SISFET  on 
GaAs  could  out  perform  the  lattice  matched  SISFET  on  InP. 


The  results  of  the  standard  SISFETs  on  GaAs  indicate  an 
increased  problem  with  gate  leakage  current  due  to  the  absence 
of  a  Schottky  barrier  in  this  device  [14;31;56].  However,  it 
was  concluded  that  higher  AlAs  mole  fractions  could  help  this 
problem  to  some  degree,  and  that  such  structures  do,  in  fact, 
have  the  following  advantages  when  compared  to  MODFETs. 
Threshold  voltages  are  naturally  near  zero  because  there  is 
no  doping  in  the  barrier  layer.  Because  the  barrier  layer  is 
undoped,  the  parasitic  MESFET  problem  is  removed.  Since 
charge  carriers  diffuse  laterally  from  the  source  and  drain 
regions,  trap  states  (DX  centers)  in  the  AlGaAs  layer  no 
longer  cause  the  collapse  of  I-V  characteristics  at  low 
temperatures.  This  feature  also  permits  the  use  of  a  high 
AlAs  mole  fraction  in  order  to  increase  the  conduction  band 
discontinuity  and  have  better  confinement  in  the  quantum  well. 
Some  sensitivity  to  light  at  77  *K  was  observed  (PPC  effects)  , 
but  nothing  like  the  variations  that  occur  in  a  MODFET.  Also, 
a  broader  range  of  gate  voltages  were  supported.  The  voltages 
ranged  from  -4  to  +1.4  volts  [42; 54). 

Work  on  SISFETs  to  date  has  been  strictly  on  the 
individual  device  level.  One  problem  with  these  devices  is 
that  undercutting  of  the  gate  results  in  an  unimplanted  and 
ungated  region.  Since  the  device  requires  a  forward  bias  to 
conduct,  this  region  is  a  built-in  series  resistance. 
However,  the  non-variant  threshold  property  of  SISFETs  has 
been  verified  with  a  small  standard  deviation.  As  summarized 
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above,  transconductance  values  have  been  good.  The 
capacitance  to  gM  ratios  indicate  carrier  velocities  greater 
than  2  x  107  cm/sec  which  is  superior  to  those  of  a  MODFET. 
This  is  attributable  to  better  confinement  in  the  well  from 
the  higher  x  value  of  the  AlGaAs  barrier  layer.  Although 
self-aligned  MODFETs  have  been  reported  [5],  the  MODFET  is 
still  limited  to  an  x  value  less  than  0.3.  Finally,  as  far 
as  application  to  logic  or  memory  circuits,  although  a  zero 
or  slightly  negative  threshold  voltage  is  not  ideal,  the 
threshold  voltage  could  be  shifted  by  lightly  doping  the 
barrier  or  by  selecting  a  different  material  system  [27:381], 
The  proposed  strained-channel  SISFET  would  solve  this  problem 
by  having  a  positive  threshold  of  approximately  0.6  Volts  (the 
difference  between  <py  and  <p2)  . 

Gate  Leakage.  Because  the  barrier  layer  is  not  a  good 
insulator  (as  compared  to  the  MISFET) ,  the  barrier  voltages 
for  the  SISFET  are  low.  This  creates  a  problem  with  gate 
leakage.  Gate  leakage  is  perpendicular  transport  of  charge 
carriers  across  the  heterojunction  barriers.  The  physical 
mechanisms  for  the  gate  leakage  current  are  thermionic 
emission  and  Fowler-Nordheim  tunneling.  Both  currents  are 
exponentially  dependent  on  the  barrier  height,  0B.  For 
thermionic  emission,  the  reverse  bias  saturation  current 
density  is  given  by  the  following  [27:376]: 

JT#  =  A*  •  T2  •  exp [  -0B/  ( kj  •  T/q)  J  (A/ cm2) 


I 
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where:  A*  *  modified  Richardson's  constant  (Acm*2- *K'2) 

T  =  absolute  temperature  (*K) 

<pB  =  barrier  to  perpendicular  carrier  transport 
(gate  leakage)  as  measured  from  the  Fermi  energy 
level  =  0Z-Efi 

Thermionic  emission  occurs  when  a  charge  carrier  has 
sufficient  kinetic  energy  imparted  to  it  from  the  vibration 
of  the  lattice  that  it  can  move  over  the  potential  barrier  <fiB. 
For  tunneling,  since  the  application  of  a  forward  gate  bias 
to  the  SISFET  results  in  a  trapezoidal  barrier  shape,  the 
Fowler-Nordheim  formula  applies.  The  current  density  is  given 
by  [27:377]: 

J,  -  A  F2  exp[V3'  (2  m  q)*-0B3/2/(*l  F))  (A/m2) 

where:  A  =  constant  in  terms  of  effective  mass  and  the 

barrier  height  (n  ’-V'1) 

F  =  applied  field  (V/m2) 

The  maximum  barrier  height,  <pB  at  zero  bias,  of  the 
AlGaAs/GaAs  SISFET  with  an  x  value  between  0.4  and  0.6  is  on 
the  order  of  0.3  volts  (as  compared  to  3  volts  for  a  MISFET) . 
Essentially,  this  results  because  undoped  AlGaAs  is  not  really 
a  good  insulator.  Under  forward  bias  conditions,  the  barrier 
height  is  reduced  further  because  of  the  formation  of  the 
quantum  channel.  This  problem  seriously  limits  performance, 


and  specifically,  the  maximum  operating  temperature  of  the 
device.  An  examination  of  the  proposed  pseudomorphic 
structure  in  Appendix  B  yields  a  barrier  height  on  the  order 
of  0.6  volts,  even  with  a  +1.0  volt  bias.  This  is  a  result 
of  the  larger  band  gap  of  x-0.5  AlGaAs  and  the  smaller  band 
gap  of  y=0.15  InGaAs.  Therefore,  in  the  pseudomorphic  SISFET 
of  this  study,  gate  leakage  should,  in  principle,  be  less  of 
a  problem  [27:383]. 

Pseudomorphic  SISFET.  The  conclusion  of  all  three  groups 
was  that  the  SISFET  has  real  potential  for  application  as  a 
low-power  consumption,  high-speed  logic  device.  With  regard 
to  the  pseudomorphic  SISFET  in  this  effort,  the  superior 
properties  of  the  InGaAs  channel,  the  higher  mole  fraction  of 
AlGaAs,  and  the  lower  implantation  energies  should,  in 
principle,  result  in  not  only  a  better  SISFET  but  potentially 
a  preferred  transistor  device.  Second,  the  small  value  for 
<p,  (resulting  from  the  low  band  gap  n*-InAs  gate)  ,  should 
produce  a  positive  threshold  voltage.  Third,  because  the 
barrier  to  gate  leakage  (0B)  is  larger,  this  should  be  less  of 
a  problem.  Finally,  the  thinness  of  the  InGaAs  channel  should 
result  in  a  higher  transconductance  [12:773; 15; 42] .  All  of 
these  considerations  served  as  the  technical  motivation  for 
this  research  effort. 

The  final  section  of  this  chapter  reviews  the  design  of 
the  proposed  pseudomorphic  SISFET  and  why  it  is  believed  that 
it  solves  the  problem  statement  of  Chapter  I.  The  idea  of  the 


pseudomorphic  SISFET  and  the  proposed  design  originated  with 
Dr.  Hadis  Morkog  at  the  University  of  Illinois.  The  scope  of 
this  effort  was  to  fabricate  and  test  the  proposed  structure 
as  given  to  the  author  by  Dr.  Morkog  and  as  presented  in 
Chapter  I.  Nevertheless,  it  is  useful  to  discuss  the 
rationale  behind  the  design.  It  is  worthwhile  to  document 
this  thought  process  because  it  will  aid  in  further  research. 

A  discussion  of  the  material  selection  and  the  geometries 
involved  is  appropriate.  The  GaAs  buffer  layer  simply 
provides  for  the  start  of  good  quality  MBE  growth.  It  is  also 
possible  in  this  layer  to  produce  a  Strained  Layer 
Superlattice  (SLS)  structure  in  order  to  prepare  for  the 
epitaxial  growth  of  the  In0  15Ga0  85As  layer.  The  15%  mole 
fraction  of  InAs  duplicates  the  structure  of  a  PMODFET  so  that 
the  150  A  thickness  is  below  the  critical  thickness. 

The  material  InGaAs  was  chosen  because  this  alloy  has: 
a  smaller  bandgap  energy,  a  larger  low  field  mobility,  and  a 
higher  saturation  velocity  than  GaAs.  The  next  layer  of  50% 
AlAs  mole  fraction  AlGaAs  was  chosen  because  this  is  the 
largest  mole  fraction  of  AlGaAs  that  can  be  grown  by  MBE  with 
high  quality.  In  the  SISFET  structure,  the  AlAs  fraction 
should  be  maximized  because  of  the  large  bandgap  energy  of 
AlAs  compared  to  GaAs.  The  larger  the  bandgap  of  the  better 
the  material  acts  like  and  "insulator."  In  fact,  the  larger 
bandgap  AlGaAs  and  the  smaller  bandgap  InGaAs  combine  to  give 
a  large  heteroj unction  conduction  band  discontinuity.  A 


larger  discontinuity  results  in  a  higher  barrier  to  gate 
leakage  and  better  confinement  in  the  quantum  well. 

There  is  also  a  critical  thickness  associated  with  the 
AlGaAs,  and  the  optimum  condition  would  be  to  not  exceed  it. 
The  500  A  thickness  may  exceed  the  critical  value,  but  it  was 
believed  that  this  is  acceptable  in  a  barrier  type  region. 
Furthermore,  the  AlGaAs  layer  needs  to  be  sufficiently  thick 
to  have  material  to  implant  through  to  contact  the  channel. 
This  is  so  because  the  cap  layer  is  etched  before 
implantation. 

The  n*InAs  layer  was  chosen  for  two  reasons.  First,  the 
gate  contact  in  a  SISFET  must  be  an  ohmic  contact.  Recent 
studies  have  shown  that  contacts  on  heavily  doped  InAs  result 
in  some  of  the  lowest  reported  contact  resistances  to  date 
[47].  The  original  intent  was  to  use  the  InAs  to  provide  low 
resistance  source  and  drain  contacts  as  well.  This  would 
entail  etching  the  cap  layer  as  the  last  step  instead  of  right 
after  gate  deposition.  Second,  the  bandgap  of  pure  InAs  is 
very  small.  The  advantage  here  is  that  it  produces  a  device 
with  a  positive  threshold  voltage  because  the  value  of  <py  is 
very  large.  The  thickness  of  the  InAs  was  set  to  provide 
enough  to  accomplish  the  low  resistance  contact  but  no  more. 

Lastly,  it  is  appropriate  to  discuss  why  the  proposed 
structure  should  solve  the  stated  problems.  First,  the 
threshold  voltage  of  any  SISFET  structure  has  already  been 
shown  to  be  insensitive  to  the  doping  and  thickness  of  the 


AlGaAs.  The  pseudomorphic  SISFET  would  be  no  different. 
Second,  the  standard  SISFET  has  been  shown  to  support  gate 
voltages  to  +1.4  volts,  which  is  better  than  a  MODFET.  Since 
the  pseudomorphic  SISFET  would  have  twice  the  barrier  to  gate 
leakage  (the  primary  drawback  of  the  standard  SISFET) ,  this 
new  structure  would  support  higher  gate  voltages.  Third,  the 
ion  implantation  technique,  which  uses  the  gate  metal  as  an 
implant  mask,  will  result  in  a  self-aligned  device. 

Furthermore,  because  of  the  use  of  InGaAs  as  the  channel 
layer,  the  pseudomorphic  SISFET  would  have  the  higher 
saturation  velocity,  higher  mobility,  and  better  quantum  well 
confinement  of  the  pseudomorphic  MODFET.  The  following 
chapter  describes  the  fabrication  process.  It  describes  the 
method,  the  equipment,  and  the  specific  steps  that  were  taken 
to  fabricate  this  new  and  potentially  revolutionary  device. 
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This  chapter  presents  a  description  of  the  process, 
equipment,  and  procedures  that  were  used  to  fabricate  and 
characterize  the  SISFET  structures.  A  brief  overall  process 
description  is  followed  by  a  functional  description  of  the 
equipment.  Lastly,  the  device  fabrication  process  and 
procedures  are  described  in  detail. 

Process 

The  fabrication  process  begins  with  semi-insulating  GaAs 
wafers.  The  MBE  growth  process  involves  preparing  the  wafer, 
accomplishing  the  growth  of  the  semiconductor  layers,  cleaving 
the  wafer,  removing  indium  solder,  and  lapping  the  individual 
samples.  This  results  in  the  material  needed  to  begin  the 
photolithographic  steps.  At  this  point,  the  MBE  growth  can 
be  verified  through  the  use  of  SIMS,  TEM,  Auger,  or  Photo¬ 
luminescence  data.  The  gate  deposition  process  involves 
evaporating  and  patterning  the  molybdenum  gates  and  a  wet 
chemical  (self-aligned)  etch  of  the  cap  layer.  After 
patterning  the  gates  and  before  etching  the  cap  layer,  the 
ohmic  quality  of  the  gate  contacts  may  be  evaluated.  Taking 
profile  measurements  verifies  the  result  of  this  critical  etch 
step.  Ion  implantation  and  annealing  involve  subjecting  the 
sample  (s)  to  energetic  *28Si  ions  and  rapid  heating  and 
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cooling.  This  results  in  a  self-aligned  doping  of  the  regions 
not  covered  by  gate  metal  and  in  electrical  activation  of  the 
dopant.  At  this  point,  the  implantation  and  annealing  can  be 
verified  through  the  use  of  SIMS,  C-V,  or  four-point  probe 
data.  The  source  and  drain  deposition  involves  isolating  the 
devices  with  a  mesa  etch,  evaporating  and  patterning  the 
source  and  drain  contacts,  and  alloying  the  contacts.  This 
completes  the  device  fabrication. 

Equipment 

The  SISFET  fabrication  process  required  equipment  present 
at  both  the  Avionics  Laboratory  (AFWAL/AADR)  at  Wright- 
Patterson  AFB  and  the  Coordinated  Sciences  Laboratory  (CSL) 
at  the  University  of  Illinois.  SISFET  structures  were  grown 
by  MBE  and  gates  evaporated  at  CSL.  Ion  implantation  and 
annealing  were  done  at  AFWAL,  and  fabrication  was  completed 
at  CSL.  Testing  was  done  at  both  AFWAL  and  CSL. 

MBE  Growth.  The  substrates  or  layers  were  prepared  by 
graduate  students  at  CSL  according  to  the  specifications  for 
this  proof  of  concept  structure.  The  MBE  system  at  CSL  is  a 
Riber  Model  1000.  It  is  designed  for  research  activities  as 
opposed  to  a  production  environment.  Epitaxial  growth  is 
achieved  when  thermal,  molecular  beams  of  semiconductor  and 
impurity  elements  impinge  on  a  heated  substrate  (on  the  order 
of  630  *C)  in  an  ultra  high  vacuum  (10'11  torr)  environment. 
A  schematic  of  a  typical  MBE  system  is  shown  in  Figure  12. 
Opening  and  closing  effusion  cell  shutters  and  varying 
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Figure  12.  Schematic  of  a  Molecular  Beam  Epitaxy  System 
[59:337] 


effusion  cell  temperatures  controls  the  growth  process.  The 
effusion  cells  available  were:  two  As  cells,  a  Ga  cell,  an 
A1  cell,  an  n-type  dopant  Si  cell,  and  an  In  cell.  The  fluxes 
produced  from  each  effusion  cell  are  molecular  beams  whose 
effusion  fluxes  are  exponentially  dependent  on  cell 
temperature.  The  exact  dependence  is  a  function  of  the 
elemental  source,  the  effusion  cell  design,  and  the  amount  of 
the  elemental  material.  Therefore,  for  each  effusion  source, 
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it  is  necessary  to  monitor  the  flux  density  of  impinging  atoms 
and  to  use  empirical  calibration  relationships.  This 
information  predictably  determines  the  actual  growth  rate  and 
dopant  concentration.  Additionally,  electron  diffraction 
patterns  are  used  to  provide  feedback  during  the  MBE  growth 
process. 

Spinner.  The  spinner  used  was  manufacture  by  Headway 
Research,  Inc.  It  has  a  vacuum  chuck  to  hold  the  sample  and 
the  ability  to  spin  the  sample  at  5000  rpm.  Samples  were  spun 
at  5000  rpm  for  30  seconds  immediately  after  photoresist  was 
applied. 

Ovens.  These  were  used  for  pre-baking,  post-baking, 
drying,  and  alloying  the  samples.  They  were  metal  boxes  with 
the  temperature  controlled  by  hotplates.  Three  ovens  were 
operated  at  a  constant  70  *C,  90  *C  or  110  *C,  respectively. 
Alloying  the  source  and  drain  contacts  was  performed  with  an 
electrically  heated  glass  tube  which  could  be  purged  with 
nitrogen. 

Mask  Aligner.  The  mask  aligner  used  to  expose  the 
photoresist  was  a  Karl  Suss,  model  MJB  3HP  UV400.  The  lamp 
was  a  180  Watt  mercury  vapor  lamp.  The  photoresist  was 
exposed  for  either  7.5  or  13  seconds  depending  on  the  type 
used.  The  photoresist  process  is  detailed  in  the  latter  part 
of  this  chapter.  The  aligner  was  capable  of  printing  device 
geometries  (like  gate  lengths)  on  the  order  of  1  nm.  The 
masks  used  were  developed  by  Dave  Look  at  AFWAL  and  consisted 
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of  gated  and  ungated  Van  der  Pauw  patterns,  Transmission  Line 
Method  (TIH)  patterns,  and  transistors  with  gate  lengths 
ranging  from  2  to  50  urn  [4].  Figures  of  the  individual  masks 
will  be  shown  later  in  this  chapter.  The  overall  mask  pattern 
used  is  shown  in  Figure  13 . 

Evaporation  Chamber.  This  instrument  was  used  for 
evaporating  both  the  refractory  metal  molybdenum  gate  as  well 
as  the  AuGe/Ni/Au  source  and  drain  contacts.  The  evaporator 
was  a  standard  bell-jar  type  made  by  Perkin-Elmer  with  a  Sloan 
PAK  8  electron  gun  used  to  bombard  the  target.  The 
evaporation  chamber  contained  a  Sloan  quartz  crystal 
microbalance  (frequency  offset)  thickness  monitor. 

Ion  Implantation.  This  system  implants  energetic, 
charged  particles  (ions)  into  the  sample.  In  this  research 
effort,  the  purpose  was  to  provide  self-aligned  doping  in  the 
source  and  drain  regions.  A  block  diagram  of  an  ion 
implantation  machine  is  shown  in  Figure  14.  The  implanter 
works  by:  using  a  mass  separating  analyzer  to  eliminate 
unwanted  ions,  accelerating  the  selected  ions  to  high  energies 
via  an  electric  field,  and  then  allowing  the  high  energy  ion 
beam  of  a  controlled  dose  to  impinge  on  the  target.  The  ion 
implanter  type  was  a  Varian/Extrion  Series  400-10A  with  a  gas 
ion  source.  With  this  system,  any  element  of  atomic  mass  1 
to  200  can  (in  principle)  be  implanted  with  energies  between 
50  to  400  KeV.  Below  this  energy,  this  implanter  is  not 
capable  of  producing  a  stable  ion  beam.  However,  it  is 
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Figure  13.  Overall  Mask  View 


125  Times  Actual  Size 


capable  of  producing  doubly  ionized  atoms  to  almost  double  the 
implant  range.  Two  implant  chambers  were  available.  The 
first  is  a  research  chamber  which  can  hold  four  samples,  each 
with  a  maximum  diameter  of  2.25  inches.  The  samples  are 
mounted  on  a  stage  that  can  be  cooled  to  77  *K  or  heated  to 
600  * C.  The  samples  can  be  tilted  at  any  angle  from  0  to  15 
degrees  off  the  normal  to  the  ion  beam  [19;20].  This  tilting 
is  typically  done  to  avoid  ion  channelling  in  either  the  <100> 
or  <110>  directions. 
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Pigure  14.  Schematic  of  a  Typical  Ion  Implantation  System 
(59:405] 
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Annealing.  A  Rapid  Transit  Anneal  (RTA)  system  was  used 
to  thermally  anneal  the  damage  from  implantation  and  to 
activate  the  implanted  silicon  dopant.  The  system  used  was  j 
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a  Heatpulse  210T,  which  handles  four  inch  diameter  wafers  and 
uses  tungsten  lamps.  The  RTA  can  heat  a  wafer  from  room 
temperature  to  over  1000  *C  in  a  matter  of  15  to  30  seconds, 
depending  on  the  intensity  setting.  This  unit  had  a  silicon 
baseplate  wafer  with  an  embedded  thermocouple  and  heating 
lamps  on  top  and  bottom.  The  keyboard  controller  is  separate 
from  the  oven.  The  controller  receives  input  from  the 
thermocouple  and  responds  by  changing  the  intensity  of  the 
tungsten  lamps  according  to  a  preset  program.  The  instrument 
has  an  automatic  mode  which  sets  the  lamp  at  48%  of  the 
maximum  intensity,  ramps  up  to  a  preset  temperature,  holds 
that  temperature  for  a  preset  time,  and  turns  off  the  lamp. 
An  atmosphere  of  forming  gas,  which  contains  5%  hydrogen,  is 
maintained  during  the  anneal  process.  This  helps  to  keep  the 
samples  free  from  oxidizing  in  an  environment  of  impurities 
[  2  0 ;  2  2  ] . 

Parameter  Analyzer.  The  Hewlett-Packard  model  4145  (A 
or  B)  Semiconductor  Parameter  Analyzer  was  used  to  determine 
the  DC  characteristics  of  the  SISFET.  This  instrument  has  up 
to  four  channels,  three  of  which  were  used  to  connect  to 
source,  drain,  and  gate  of  the  SISFET  via  a  probe  station. 
The  analyzer  can  be  quickly  switched  from  measuring  I-V  curves 
to  transconductance  or  threshold  voltage  without  changing  any 
wires.  Furthermore,  the  desired  settings  and  sweep  ranges  for 
Vos,  V6,  and  Ios  can  be  stored  and  recalled.  Transconductance 


can  be  measured  easily  because  the  analyzer  can  calculate  and 
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plot  functions  of  variables  as  well.  The  analyzer  is 
essentially  a  computerized  curve  tracer. 

Impurity  Profile.  Two  techniques  were  used  to  determine 
doping  profiles  after  implantation.  A  capacitance-voltage 
(C-V)  analysis  can  determine  the  majority  carrier  profile 
(which  is  the  impurity  profile  assuming  full  ionization  and 
100%  activation) .  This  requires  measuring  the  reverse  bias 
capacitance  of  the  p-n  junction  as  a  function  of  the  applied 
voltage  [59:391].  This  was  done  using  the  capacitance-voltage 
analyzer  at  AFWAL.  A  more  accurate  and  more  sensitive 
technique,  which  can  measure  the  total  impurity  profile,  is 
called  Secondary  Ion  Mass  Spectroscopy  (SIMS) .  In  this 
technique,  an  Ion  beam  sputters  material  from  the  surface  of 
a  sample  in  ultra-high  vacuum,  and  the  secondary  ion  component 
(from  the  sample)  is  detected  and  mass-analyzed.  Ion  counts 
for  a  particular  element  can  then  be  directly  equated  to 
doping  concentrations  [59].  SIMS  measurements  were  done  both 
at  AFWAL  and  at  CSL  in  order  to  characterize  the  implantation 
of  +28Si  into  GaAs . 

Physical  Profile.  In  addition  to  determining  doping 
profile,  the  physical  or  dimensional  profiles  of  the  sample 
were  determined  throughout  the  fabrication.  This  was  done 
using  a  TENCOR  Alpha  Step  200  profilometer  at  CSL.  This 
instrument  can  respond  to  step  differences  on  the  order  of 
10' s  of  Angstroms  and,  with  reasonable  accuracy,  can  determine 
step  differences  of  100's  of  Angstroms.  The  instrument  has 
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a  stylus  which  makes  three  passes  over  the  sample.  Then  the 
slope  of  the  profile  is  averaged  and  is  subtracted  internally 
from  the  stylus  reading  before  the  result  is  displayed. 

Four-Point  Probe.  A  simple  way  to  measure  the  sheet 
resistance  of  a  sample  is  with  a  four-point  probe.  The  four- 
point  probe  used  in  this  study  was  located  at  AFWAL,  and  it 
was  used  to  measure  sheet  resistance  after  the  annealing  of 
implantation  control  samples.  It  is  a  Model  880  made  by 
4  Dimensions,  Inc.,  for  use  on  GaAs.  The  probes  are  equally 
spaced.  A  constant  current  is  passed  through  the  outer  two 
probes,  and  the  voltage  is  measured  between  the  two  inner 
probes.  A  value  of  sheet  resistance  is  displayed.  Sheet 
resistance  is  related  to  the  junction  depth,  the  carrier 
mobility,  and  the  impurity  distribution.  The  average 
resistivity  of  the  sample  is  the  sheet  resistance  times  the 
junction  depth  [59:391]. 

SEM.  The  Scanning  Electron  Microscope  (S EM)  located  at 
the  AFIT  Devices  Laboratory  was  used  in  this  study.  It  is  an 
International  Scientific  Instruments  (ISI)  model  SB-6.  The 
instrument  provides  a  high  resolution  and  a  high  depth  of 
field,  which  were  necessary  to  examine  the  surface  of  our 
samples.  The  basic  components  of  a  SEM  are  the  lens  system, 
electron  gun,  electron  collector,  visual  and  recording  CRT's, 
and  the  associated  electronics.  For  this  study,  the  use  of 
the  SEM  was  to  verify  the  dimensions  and  surface  properties 
of  the  samples  after  fabrication  [18;21]. 
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TEM.  The  JEOL  2000FX  Transmission  Electron  Microscope 
(TEM)  located  at  AFWAL  (Materials  Lab)  was  also  used  in  this 
study.  The  2000FX  has  a  200  kV  maximum  accelerating 
potential.  From  the  de  Broglie  relation,  an  electron 
accelerated  with  this  energy  has  a  relativistically  corrected 
wavelength  of  0.0251  A.  This  small  wavelength,  as  compared 
to  0.0370  A  for  a  100  kV  potential,  translates  to  either 
increased  resolution  or  to  the  ability  to  examine  thicker 
samples  with  the  same  resolution.  A  TEM  has  a  series  of 
magnetic  lenses  to  focus  an  electron  beam  that  is  accelerated 
through  the  sample  (in  a  vacuum)  by  a  high  potential.  The  TEM 
was  used  to  verify  the  quality  of  the  MBE  layers  grown  for 
this  study.  Additionally  it  provided  information  about  the 
implantation  and  annealing  processes.  The  features  of  a 
typical  TEM  are  shown  in  Figure  15  [13:1;61]. 

An  electrically  heated  tungsten  filament,  at  a  selected 
negative  potential  20-200  kV,  is  mounted  on  a  ceramic 
insulator  behind  a  Wehnelt  cap  with  a  central  hole.  The 
electrons  emitted  by  the  filament  accelerate  to  ground  and  are 
focussed,  via  a  double  condenser  lens  system  with  field- 
limiting  apertures,  onto  the  sample  [13:1].  Since  electrons 
have  a  wave  nature,  a  diffraction  pattern  results  and  is 
obtained  via  a  multiple  lens  magnification  sub-system.  Image 
contrast  is  enhanced  by  the  objective  aperture,  and  the 
selected  area  aperture  selects  the  diffraction  area.  The 
image  is  focused  with  the  objective  lens  onto  the  viewing 
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Figure  15.  A  Schematic  Diagram  Showing  the  Important 
Components  of  the  Transmission  Electron  Microscope  [13:2] 


screen.  Excitation  of  the  intermediate  and/or  diffraction 
lens  controls  the  magnification  [13:1].  The  depth  of  field 
with  the  TEM  is  such  that  the  top  and  bottom  of  the  sample  are 
simultaneously  in  focus.  This  feature  allows  the  film  camera 
to  be  situated  50  cm  or  more  below  the  viewing  screen  [13:1]. 

SISFET  Fabrication 

This  process  is  logically  divided  into  five  sequences: 
MBE  growth,  gate  deposition,  ion  implantation,  annealing,  and 
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source/drain  deposition.  The  following  sub-sections  deal  with 
these  fabrication  steps.  If  not  explicitly  stated  otherwise, 
all  these  steps  were  performed  at  room  temperature  and  all 
solutions  were  at  room  temperature. 

MBE  Growth.  The  semiconductor  layers  were  grown  by  MBE 
at  CSL.  The  graduate  students  there  cleaved  undoped,  semi- 
insulating,  (100)  oriented  GaAs  substrates  into  nearly  square 
pieces  approximately  2.5  cm  on  a  side.  The  samples  were 
etched  3  0  seconds  in  an  H2S04:H202:H20  (10:1:1)  solution  and 
then  placed  in  HC1  for  one  minute.  The  samples  were  immersed 
in  these  solutions  to  clean  and  remove  any  surface  oxides. 
Next,  a  single  square  sample  was  rinsed  in  De-Ionized  Water 
( DIW) ,  dried  with  N2  gas,  and  mounted  on  a  molybdenum  block 
with  indium  solder  which  was  applied  to  the  back  of  the 
substrate.  It  was  then  loaded  into  the  MBE  chamber. 
Different  growth  runs  were  accomplished  in  accordance  with 
the  various  test  parameters  which  are  presented  in  Chapter  IV. 

Although  not  part  of  the  actual  MBE  growth  process,  some 
simple  preparation  steps  followed  the  MBE  growth.  Individual 
samples  were  cleaved  from  the  prepared  layers  using  a  diamond 
tipped  scribe.  These  samples  were  labeled  1,  2,  etc.  Before 
processing,  it  was  necessary  to  remove  the  indium  solder  from 
the  backside  of  the  samples.  A  solution  of  1  gm  HgCl2 
(mercuric  chloride)  and  10  ml  of  HCON(CH3)2  (dimethyl 
formamide)  was  used.  After  the  samples  were  placed  in  a 
beaker  containing  this  solution,  the  combination  was 
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immediately  placed  in  an  ultrasonic  bath.  After  20  seconds, 
the  samples  were  removed  from  the  solution,  rinsed  in  DIW,  and 
blown  dry  in  Nz.  Alconox  detergent  was  used  to  remove  any 
residual  Hg.  A  subsequent  degreasing  in  acetone,  methanol, 
and  DIW  insured  that  the  Alconox  was  removed.  The  samples 
were  not  lapped.  Moisture  was  baked  out  at  110  *C  for  5 
minutes. 

Gate  Deposition.  Positive  photoresist  (PR)  type  4110  was 
spun  on  a  sample  at  5000  rpm  for  30  seconds.  The  sample  was 
pre-baked  at  70  "C  for  20  minutes,  exposed  to  the  gate  mask 
for  13  seconds,  soaked  in  chlorobenzene  for  15  minutes,  and 
developed  in  an  AZ400K  developer  to  DIW  (3.5:1)  solution  for 
3.5  minutes.  Chlorobenzene  was  used  to  harden  the  surface  of 
the  PR  so  that  the  developing  process  produces  a  slight  lip 
over  the  undeveloped  region.  This  feature  allows  less 
sidewall  buildup  during  the  metallic  contact  evaporation 
process  and  provides  for  a  clean  liftoff  with  thick 
depositions.  The  gate  mask  is  shown  in  Figure  16. 

The  sample  was  cleaned  in  a  10%  NH^OH  (ammonium 
hydroxide)  solution,  and  placed  in  the  evaporation  chamber. 
The  process  involved  mounting  the  samples,  placing  the  metal 
pellets  to  be  deposited  in  the  appropriate  crucibles,  checking 
the  seal,  and  then  evacuating  the  chamber  to  10‘6  torr  or  less. 
The  chamber  was  pumped  down  to  approximately  3xl0'7  torr,  and 
approximately  2000  A  of  molybdenum  was  evaporated  on  the 
sample  according  to  the  thickness  monitor.  Thickness 


Molybdenum  Gate  Deposition  Mask  Pattern 


measurements  taken  with  a  profilometer  confirmed  these 
numbers.  The  chamber  was  cooled  for  15  minutes,  and  then  the 
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samples  were  removed.  Liftoff  of  the  unwanted  metal  was 
accomplished  with  a  15  second  ultrasonic  bath  in  acetone. 
Molybdenum  was  used  because  it  is  a  refractory  metal ,  very 
dense,  and  melts  at  2610  *C.  Thus,  it  can  block  the  implant 
and  withstand  the  high  temperatures  associated  with  annealing. 
The  result  of  the  gate  deposition  process  is  illustrated  by 
the  device  cross  section  in  Figure  17. 


The  samples  were  degreased  in  acetone,  methanol,  and  DIW. 
Then  they  were  etched  for  15  seconds  in  a  1:1:38  solution  of 
HjP04:H202:H20.  This  is  a  standard  indium  and  aluminum  etch 
which  removes  InAs  at  approximately  20  A  per  second  and  AlGaAs 
at  approximately  14  A  per  second  [36; 47; 51].  This  procedure 
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produces  a  self  aligned  etch  of  the  capping  layer  and  etches 
into  the  AlGaAs  barrier  layer  approximately  75  to  100  A.  The 
device  cross  section  in  Figure  18  illustrates  the  result  of 
the  self-aligned  etch  process. 
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Figure  18.  Cross  Section  after  Self-Aligned  Capping  Layer 
Etch 


Ion  Implantation.  The  ior.  implantation  steps  proceeded 
as  follows.  Samples  were  degreased  in  30  second  rinses  of 
acetone,  methanol,  and  isopropyl  alcohol  and  then  blown  dry 
with  N2.  It  was  assumed  that  the  isopropyl  alcohol  did  not 
leave  a  residue.  The  sample  was  placed  in  the  implanter  such 
that  the  tilt  angle  was  along  the  width  of  the  transistor 
gates  and  was  fastened  via  movable  metal  pieces  and  screws. 
The  operator  at  AFWAL  pumped  down  the  chamber  and  implanted 
the  various  samples  at  energies  ranging  from  60  KeV  to  100  KeV 
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and  at  an  ion  flux  ranging  from  1  x  1013  cm'2  to  5  x  1013  cm'2. 
The  samples  were  tilted  off  normal  at  an  angle  of  7  degrees 
so  that  channeling  in  the  <100>  directions  would  be  minimized. 
The  samples  were  implanted  with  *28Si  ions.  Figure  19  shows 
a  cross  section  of  the  implanted  regions  of  the  device. 


Figure  19.  Cross  Section  of  Implanted  Region  of  SISFET  Device 


Annealing.  The  annealing  steps  proceeded  as  follows. 
The  samples  and  a  two  inch  silicon  wafer  were  degreased  in  30 
second  rinses  of  acetone,  methanol,  and  isopropyl  alcohol  and 
then  blown  dry  with  N2.  A  two  inch  undoped  GaAs  wafer  was 
etched  for  30  seconds  in  a  10:1:1  solution  of  H2S04:H202:H20 
solution  to  obtain  a  clean  surface,  and  baked  at  100  *C  for 
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5  minutes  in  an  N2  atmosphere.  The  arrangement  of  these 
wafers  and  the  samples  in  the  RTA  is  represented  in  Figure  20. 


Embedded  I 
Thermocouple 


Figure  20.  Arrangement  of  Wafers  and  Sample  During  Rapid 
Transit  Annealing  (RTA) 

The  silicon  wafer  was  placed  face  up  on  top  of  the 
silicon  baseplate  in  the  RTA  chamber.  The  sample  was  placed 
on  the  silicon  wafer  face  up,  and  then  a  GaAs  cap  wafer  was 
placed  on  the  sample  face  down.  This  arrangement  allows  for 
a  clean  GaAs  surface  to  contact  the  device  side  of  the  sample 
in  order  to  maintain  a  local  over-pressure  of  As  during  the 
anneal  process.  The  chamber  was  then  sealed.  The  RTA  unit 
was  activated  and  programmed  for  a  ramped  temperature  cycle. 
The  anneal  was  done  in  an  atmosphere  of  forming  gas.  The 
automatic  thermocouple  mode  was  used  to  provide  more 
consistent  and  repeatable  control  of  the  temperature.  The 
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alternative  involves  adjusting  the  intensity  of  the  lamps 
manually.  Throughout  this  effort,  the  annealing  temperatures 
ranged  from  600  *C  to  850  *C,  and  annealing  times  ranged  from 
2  seconds  to  15  seconds.  These  test  parameters  and  a 
description  of  thermocouple  position  with  respect  to  the 
sample  are  summarized  in  Chapter  IV. 

Source  and  Drain  Deposition.  The  source  and  drain 
deposition  proceeded  as  follows.  The  samples  were  thinned 
uniformly  to  an  approximate  thickness  of  400  nm  using  a  metal 
lapping  block  and  paraffin  wax  adhesive.  This  step 
facilitated  accurate  photolithographic  mask  alignment  of  the 
mesa  mask  and  the  source  and  drain  mask.  Positive  PR 
(AZ1350J)  was  spun  on  the  sample  at  5000  rpm  for  30  seconds 
using  the  spinner.  The  sample  was  pre-baked  at  90  *C  for  20 
minutes,  exposed  to  the  mesa  mask  for  7.5  seconds,  and 
developed  in  a  1:5  solution  of  AZ351  developer  to  DIW  for  60 
seconds.  The  mesa  mask  is  shown  in  Figure  21.  The  sample  was 
rinsed  in  DIW  and  blown  dry  in  N2.  A  mesa  isolation  etch  was 
done  for  100  seconds  in  a  1:1:38  solution  of  H3P04 : H202 : H20 . 
This  etch  goes  well  into  the  GaAs  buffer  and  probably  into  the 
semi-insulating  substrate  which  is  necessary  to  have  good 
device  isolation.  The  PR  was  stripped  by  rinsing  in  acetone, 
and  more  of  the  same  PR  was  spun  on.  The  sample  was  exposed 
to  the  source/drain  mask,  shown  in  Figure  22,  for  7.5  seconds 
and  developed  in  the  same  developer  for  60  seconds. 
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Figure  22.  Source  and  Drain  Contact  Mask  Pattern 
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Figure  23.  Device  Cross-Section  after  Deposition  and  Liftoff 


Finally,  the  source  and  drain  contacts  were  alloyed  to 
produce  ohmic  contacts.  The  idea  is  for  the  Ge  in  the  metal 
eutectic  to  diffuse  into  the  doped  (implanted)  region,  making 
the  contacts  highly  n-type.  The  alloying  oven  was  heated  to 
500  °C,  and  the  samples  were  placed  inside  the  glass  tube. 
The  oven  was  purged  with  nitrogen  for  3  minutes  before  pushing 
the  sample  into  the  heat  for  50  seconds.  The  samples  were 
then  pulled  back  to  the  original  position  inside  the  tube. 
As  the  samples  cooled,  the  oven  was  purged  with  nitrogen  for 
3  minutes  before  the  samples  were  removed.  This  was  the  last 
step  in  the  fabrication  process.  An  overall  mask  view  of  the 
devices  was  shown  previously  in  Figure  13. 
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IV.  Characterization  and  Analysis  of  the 
Self-Aligned.  Strained-Channel  SISFET  Fabrication 

Purpose 

This  chapter  presents  a  description  of  any  test  setups 
along  with  test  results.  Because  the  devices  did  not  work  as 
expected,  no  attempt  is  made  to  present,  in  detail,  the 
results  of  any  DC  measurements.  Therefore,  rather  than  any 
device  characteristics,  the  thrust  of  the  test  results  is  to 
confirm  either  the  validity  or  lack  thereof  of  the  individual 
steps  in  the  fabrication  process. 

Overview 

Given  the  purpose  stated  above,  the  presentation  of 
information  is  according  to  the  steps  in  the  fabrication 
process  as  described  in  Chapter  III.  The  corresponding 
sections  are:  MBE  growth,  TEM  investigation,  gate  deposition, 
ion  implantation,  annealing,  and  source  and  drain  deposition. 
Each  section  includes  a  description  of  the  steps  that  were 
taken  to  check  the  validity  of  that  particular  step.  A  final 
section  deals  with  the  finished  devices.  It  presents  some  SEM 
pictures  as  well  as  the  DC  characteristics  that  were 
measurable. 

MBE  Growth 

Undoped  semi-insulating  (100)  oriented  GaAs  substrates 
were  prepared  in  accordance  with  the  description  of  MBE  growth 
in  Chapter  III.  This  effort  consisted  of  two  test  growth 
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runs,  and  the  Coordinated  Sciences  Lab  (CSL)  designators  for 
these  MBE  layers  were  3409  and  3903.  The  layers  were  grown 
in  accordance  with  the  experimental  parameters  listed  in 
Table  2.  It  shows  the  effusion  cell  temperatures, 
thicknesses,  mole  fractions,  and  doping  level  for  each  layer, 
as  appropriate.  Also  shown  is  the  As  effusion  cell 
temperature  which  is  set  to  maintain  an  over-pressure  of  As 
in  order  to  achieve  high  quality  growth.  The  arrows  represent 
a  ramping  (up  or  down)  of  this  temperature  in  order  to 
maintain  a  constant  over-pressure. 

In  general,  for  purposes  of  fabrication,  it  was  assumed 
that  the  material  from  the  MBE  growth  runs  satisfied  the 
specifications  in  Table  2.  In  the  MBE  process,  a  given  set 
of  growth  parameters  can  produce  consistent  and  proven 
results.  Additionally,  the  CSL  personnel  have  historically 
produced  good  MBE  material.  Thus  it  was  also  assumed,  at  the 
start  and  throughout  most  of  this  effort,  that  the  MBE  process 
resulted  in  good  quality  crystal  layers.  However,  given  the 
lack  of  success  in  making  working  transistors,  these  two 
assumptions  were  potentially  bad  ones. 

Therefore,  this  study  included  a  TEM  analysis  which  is 
presented  in  the  next  section.  These  TEM  results  show  the 
invalidity  of  the  above  assumptions  at  least  with  respect  to 
layer  3903.  Other  factors  contributed  to  the  conclusion  that 
the  material  was  not  what  was  expected.  This  will  be 
discussed  more,  but  several  qualitative  observations  are  worth 
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Table  2.  MBE  Growth  Run  Parameters  for  Layers  3409  and  3903. 
Arrows  Represent  Ramping  Temperatures  Over  Time 


1 

MBE  3409 
2 

Layers 

3 

4 

Effusion 

Cell  Type 

Effusion  Cell 
Temperature  ( *  C) 

Ga 

925 

863 

863 

- 

A1 

- 

- 

1071 

- 

Si 

- 

- 

- 

1121 

In 

- 

680 

- 

740 

Thickness 

1  /im 

150  A 

500  A 

200  A 

Mole  Fraction 

- 

0.15 

0.5 

- 

Doping  Level 

- 

- 

- 

5xl018  cm  3 

As  Cell  (”C) 

580 

1550 

T610 

1550 

1 

MBE  3903 

2 

Layers 

3 

4 

Effusion 

Cell  Type 

Effusion  Cell 
Temperature  ( • C ) 

Ga 

926 

873 

873 

- 

A1 

- 

- 

1070 

- 

Si 

- 

- 

- 

1123 

In 

- 

666 

- 

725 

Thickness 

1  iim 

150  A 

530  A 

500  A 

Mole  Fraction 

- 

0.15 

0.5 

- 

Doping  Level 

- 

- 

- 

5xl018  cm'3 

As  Cell  (°C) 

580 

1530 

‘  600 

1490 

mentioning.  First,  the  appearance  of  layer  3903  was  hazy, 
while  layer  3409  was  mirror-like.  Second,  layer  3903  was  one 
of  the  first  layers  grown  after  correcting  a  problem  with  the 
aluminum  effusion  cell.  Third,  after  much  of  the  fabrication 
had  been  attempted  with  3903,  other  problems  became  apparent. 
One  definite  problem  was  that  the  thermocouple  which  detects 
the  substrate  temperature  was  out  of  calibration,  perhaps  by 
as  much  as  30  *C  from  the  optimal  temperature  for  good  quality 
crystal  growth.  This  became  known  after  layer  3903  had 
already  been  grown  and  after  three  fabrication  attempts.  The 
other  potential  problem  was  that  the  depletion  of  the  aluminum 
effusion  cell  was  not  properly  corrected  before  layer  3903  was 
grown.  Although  CSL  personnel  believed  they  corrected  the 
problem,  it  is  questionable  given  the  following  TEM  results. 


TEM  Investigation 

This  study  involved  three  different  attempts  to 
characterize  the  quality  of  the  MBE  material  through  TEM.  The 
first  two  attempts  were  inconclusive,  and  will  not  be 
presented  here  in  detail.  However,  they  are  worth  brief 
mention.  After  the  transistors  fabricated  from  3409-1  did  not 
work  as  expected,  the  sample  was  prepared  and  analyzed  in  the 
TEM.  The  resulting  diffraction  patterns  showed  polycrystal¬ 
line  structure  everywhere.  However,  that  finished  sample  had 
undergone  ion  implantation,  and  it  was  not  clear  exactly  what 
region  (i.e.,  implanted  or  active)  was  being  observed  in  the 
TEM.  It  was  concluded  that  if  the  damage  from  implantation 


had  not  been  annealed,  the  expected  result  could  be  the 
observed  result. 

This  led  to  a  more  careful  consideration  of  the  annealing 
conditions.  Still,  there  was  no  reason  to  assume  that  the 
3409  MBE  layers  were  faulty.  Different  parameters  were 
changed  throughout  the  next  two  fabrications.  The  result  on 
3409-4  was  hopeful.  The  transistor  characteristics  looked 
good  and  the  gate  leakage  was  very  low.  The  main  problem 
remaining  was  that  the  contacts  were  not  good  ohmic  contacts. 
However,  at  this  point  in  the  study,  the  3409  sample  was  gone 
and  a  new  layer  needed  to  be  grown. 

This  lead  to  the  second  TEM  study.  The  new  layer  (3903) 
was  grown,  and  in  order  to  solve  the  contact  resistance 
problem,  an  annealing  study  was  undertaken.  The  result  was 
reasonably  good  ohmic  contacts.  But  no  transistor 
characteristics  were  achieved  with  either  3903-1  or  3903-2. 
Consequently,  the  MBE  layers  became  suspect,  and  a  piece  of 
3903-2  (before  ion  implantation)  was  analyzed.  The  sample  was 
prepared  by  mechanically  dimpling  the  underside  of  the  sample 
and  then  ion  milling  the  underside  so  as  to  preserve  the 
device  structure. 

The  results  were  that  material  interfaces  were  observed. 
The  bright  field  micrographs,  the  diffraction  patterns,  and 
the  X-ray  spectrum  gave  "indications"  of  a  problem.  For 
example,  the  semiconductor  regions  were  indexed  (as  will  be 
described  later  in  this  section)  to  a  beam  direction  of 
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[10  0]  for  GaAs  with  one  percent  of  error.  This  was  the 
expected  result  for  an  electron  beam  normal  to  the  top  surface 
of  the  sample.  However,  there  were  extra  bright  spots  (not 
rings)  which  were  not  indexable  leading  to  the  hypothesis  that 
some  other  material (s)  were  contributing  to  the  pattern. 

The  gate  region  diffraction  patterns  were  rings  which 
were  accurately  indexed  to  molybdenum.  Thus,  it  was  known 
that  the  gate  metal  was  not  contributing  to  this  ambiguity. 
Additionally,  the  higher  resolution  bright  field  photo¬ 
micrographs  revealed  grain  structures.  This  method  did  not 
lead  to  a  conclusive  determination  because  of  the  inability 
to  accurately  determine  exactly  what  semiconductor  materials 
or  interfaces  were  being  observed.  Logically,  the  third  TEM 
investigation  of  the  MBE  layers  involved  examining  the  cross 
section  of  the  material.  To  accomplish  this  objective,  a 
piece  of  sample  3903  that  had  not  undergone  any  processing  was 
used. 

Sample  Preparation.  This  third  sample  was  prepared  by 
microtomy,  which  is  the  direct  cutting  of  thin  sections.  The 
objective  was  to  obtain  a  thin  cross-section  of  the  substrate 
and  layers.  This  involved  embedding  the  sample  in  a  polymer 
holding  block.  The  polymer  hardens  around  the  sample  when 
placed  in  a  vacuum  oven.  Next,  the  sample  was  microtomed 
using  a  Reichert-Jung  ULTRACUT  Microtome.  The  cutting  is  done 
as  the  sample  in  the  holding  block  moves  past  a  stationary 
diamond  knife.  The  knife  can  be  set  in  relation  to  the 
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cutting  surface  of  the  specimen,  and  the  holding  block  can  be 
rotated.  This  allows  complete  flexibility  of  the  cutting 
angle. 


The  resulting  TEM  sections  from  layer  3903  were  very 
close  to  90*  cross  sections  of  the  substrate  and  layers.  The 
thicknesses  were  determined  to  be  between  700  and  900  A  by 
observing  the  color  of  the  refracted  light  in  the  microtome's 
microscope.  When  the  sample  is  cut,  the  piece (s)  float  on  a 
water  reservoir  located  by  the  knife  edge.  They  are  then 
scooped  onto  a  carbon  film  which  is  supported  by  a  nickel 
grid.  It  is  acknowledged  that  microtoming  may  not  be  the  best 
way  to  analyze  a  semiconductor  crystal.  Microtoming  can 
introduce  dislocations,  and  it  results  in  shavings  of  a  cross- 
section  as  opposed  to  a  complete  cross  section.  However,  the 
result  of  this  method,  in  this  case,  was  conclusive. 

Bright  Field  Micrographs.  Diffraction  (or  amplitude) 
contrast  is  the  mechanism  for  producing  Brighc  Field  (BF) 
micrographs.  The  diffracted  beam  of  the  TEM  is  intercepted 
by  the  objective  aperture  and  not  allowed  to  contribute  to  the 
image.  Instead,  the  transmitted  beam  forms  the  image. 
Diffraction  contrast  delineates  object  detail  greater  than 
15  A  in  crystalline  materials,  and  can  provide  information 
about  defects  in  the  crystal  [13:109].  BF  images  can  reveal 
the  presence  of  such  things  as  dislocations,  stacking  faults, 
planar  precipitates,  and  domain  boundaries.  For  this  study, 
diffraction  contrast  was  used  simply  to  observe  the  presence 
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of  interfaces  or  layers  in  the  material.  Once  these 
interfaces  were  detected,  selected  area  diffraction  patterns 
of  the  interface  regions  were  obtained. 


Figure  24.  Bright  Field  TEM  Micrograph  Showing  Cross-Section 
of  MBE  Layer  3903 


A  BF  image  of  one  of  the  cross  sections  is  shown  in 
Figure  24.  The  results  presented  here  are  a  small  subset  of 
the  effort  expended  to  characterize  the  MBE  layers.  These 
particular  images  were  selected  because  they  give  the  most 
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accurate  representation  of  the  problem  with  the  material. 
They  are  consistent  with  the  total  number  of  specimens  that 
were  examined.  In  this  BF  image,  there  are  clearly  a  number 
of  material  interfaces  visible.  The  interfaces  are 
incoherent,  and  thus  the  most  useful  information  is  obtainable 
using  selected  area  diffraction.  The  dimensions  of  these 
interfaces  cannot  be  correlated  to  the  Mexpected"  dimensions 
of  the  layers.  However,  no  other  interfaces  (substantially 
different  from  this)  were  found  in  the  four  grids  that  were 
examined.  Each  grid  contained  a  number  of  microtomed  cross 
sections.  Figure  25  and  Figure  26  contain  two  BF  patterns 
magnifying  the  interfaces  near  the  lower  and  upper  lighter 
regions  (respectively) . 

One  can  observe  that  the  dimensions  of  these  regions  are 
on  the  order  of  1000  A  or  so.  The  significance  of  these 
regions  will  become  apparent  with  the  analysis  of  the 
corresponding  selected  area  diffraction  patterns.  Also,  a 
close  inspection  of  Figure  24  reveals  a  number  of  generally 
straight  and  continuous  lines  running  parallel  to  the 
interfaces.  These  are  knife  marks,  and  they  are  an  artifact 
from  the  microtoming  process. 

Diffraction  Patterns.  Phase  contrast  is  the  mechanism 
for  producing  selected  area  Diffraction  Pattern  (DP) 
micrographs.  Here,  the  diffracted  and  transmitted  beams  are 
combined  to  form  the  image.  Constructive  and  destructive 
interference  produced  intensity  differences  in  the  image.  The 
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Figure  25.  Magnified  Bright  Field  TEM  Micrograph  of  Lower 
Interfaces  in  Cross  Section  of  MBE  Layer  3903 


image  is  actually  the  Fourier  transform  of  the  diffraction 
pattern.  Thus,  it  provides  a  view  of  a  crystal  (or  specimen) 
in  reciprocal  space.  The  condition  for  diffraction  or 
constructive  interference  is  Bragg's  law  [8:82].  If  there  are 
crystal  planes  oriented  at  a  critical  angle  with  respect  to 
the  incoming  electron  beam,  there  is  a  strong  diffracted  beam 
on  the  exit  side  of  the  crystal.  Further,  since  the 
wavelength  of  a  high  energy  electron  is  small,  the  Bragg 
angles  are  small.  This  means  that  strong  diffraction  only  1 
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occurs  for  planes  that  lie  within  a  few  degrees  of  the 
electron  beam.  Also,  for  a  given  type  of  crystal  structure, 
the  structure  factor  describes  the  contribution  of  the  entire 
unit  cell  to  the  diffracted  intensity.  It  is  the  sum  of  the 
scattering  factors  and  phase  differences  for  each  atom  in  the 
unit  cell.  Structure  factor  effects  result  in  certain  types 
of  reflections  being  absent  from  the  diffraction  pattern 
[ 13 : 3 1-183; 28: 42? 62: 13-138 ] . 


Figure  26.  Magnified  Bright  Field  TEM  Micrograph  of  Upper 
Interfaces  in  Cross  Section  of  MBE  Layer  3903 
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The  first  step  in  analyzing  any  diffraction  pattern 
involves  a  calibration.  A  camera  constant  must  be  determined 
such  that  the  distance  from  diffracted  spots  to  the 
transmitted  spot  may  be  translated  to  interatomic  spacings 
between  planes.  For  this  study,  the  camera  constant  was 
calculated  using  an  aluminum  diffraction  standard.  The 
standard  is  polycrystalline  so  all  the  spots  (reflections  from 
the  different  planes)  result  in  a  ring  pattern.  However,  this 
standard  pattern  is  easily  indexed  using  a  modified  form  of 
Bragg's  law.  This  is  written  as: 


r  dj  =  a  •  1  (A  cm) 

where:  r  =  radius  of  spot  or  ring  (cm) 

d(  =  interatomic  spacing  between  lattice  planes  (A) 
a  =  wavelength  of  the  electron  (A) 

1  =  TEM  focal  length  (cm) 

A • 1  =  camera  constant  (A  cm) 

The  diffraction  pattern  of  the  aluminum  standard  is  shown 
in  Figure  27.  The  radius  of  each  ring  was  determined  by 
measuring  the  diameter  and  dividing  by  two.  Cross  correlation 
to  a  list  of  known  ds  spacings  for  the  lattice  constant  of 
aluminum  yields  a  value  for  the  camera  constant.  Five  rings 
were  measured,  and  the  average  camera  constant  was  2.03  A  cm. 
This  correlates  with  the  product  of  the  relativistically 
corrected  wavelength  of  0.0251  A  at  200  KV  and  the  estimated 
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Figure  27.  TEM  Diffraction  Pattern  of  Aluminum  Standard  Used 
for  Calculation  of  Camera  Constant 


focal  length  of  77.0  cm  on  the  picture.  This  product  is 
1.93  A- cm  which  implies  that  the  effective  camera  length  is 
actually  closer  to  80.9  cm.  The  error  associated  with  the 
measured  d,-  spacings  using  A  l  =  2.03  A  cm  and  a0  =  4.05  A  is 
summarized  in  Table  3. 

For  a  spot  pattern,  the  spots  represent  an  (hkl)  plane 
in  reciprocal  space.  Thus  each  spot  may  be  mapped  to  a 
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Table  3.  Summary  of  Errors  Associated  with  Aluminum  Standard 
Calibration  Diffraction  Pattern  Using  Al  =  2.03  Acm 


particular  plane.  If  the  material  has  a  regular  crystal 
structure,  the  spots  will  be  in  a  regular  or  periodic  array. 
Thus,  one  spot  may  be  arbitrarily  assigned  an  (hkl)  index 
based  on  its  radius  and  the  other  spots  will  correspond  to 
specific  (hkl)  such  that  the  indices  add  vectorially. 
Additionally,  the  angles  between  lines  drawn  from  the  center 
spot  to  individual  (hkl)  spots  are  the  angles  between  planes. 
These  angles  may  be  calculated  if  the  indices  and  crystal  type 
are  known. 


Thus,  if  the  following  three  tests  are  applied,  the 
material  and  its  orientation  with  respect  to  the  electron  beam 
can  be  accurately  determined  [33:4-17],  First,  the  d( 
spacings  must  closely  match  the  spacings  for  a  particular 
material.  From  this,  general  (hkl)  indices  may  be  assigned. 
Second,  specific  (hkl)  indices  must  be  assigned  to  the  spots 
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such  that  they  add  vector ially.  Third  the  angles  between 
specific  (hkl)  planes  must  correlate  with  the  angles  between 
lines  drawn  through  those  spots. 

Two  diffraction  patterns  which  correspond  to  the  selected 
areas  (#1  and  #2)  in  the  BF  micrographs  of  Figure  2  5 
and  Figure  26  were  analyzed  to  within  a  one  percent  error. 
The  first  pattern  was  accomplished  for  the  lower  darker  region 
(area  #1)  of  the  interface  that  was  shown  in  Figure  25.  The 
sequence  numbers  of  these  photographs  are  different  because 
the  sample  had  to  be  tilted  a  few  degrees  of  axis  in  order  to 
obtain  an  analyzable  pattern,  and  this  took  several  attempts. 
The  result  is  the  diffraction  pattern  in  Figure  28. 

This  first  spot  pattern  has  a  preferred  orientation  which 
indexes  to  a  (13  6]  orientation  (beam  direction)  of  GaAs . 
For  a  cubic  structure,  the  beam  direction  is  obtained  by 
taking  the  cross  product  of  any  two  (hkl)  vectors.  The  error 
associated  with  the  measurement  of  spacings  between  planes  and 
angles  between  planes  is  summarized  in  Table  4.  The  unusual 
orientation  is  a  result  of  tilting  of  the  specimen  on  the 
order  of  10'  off  normal  to  achieve  a  sharper  pattern.  Also, 
the  diffraction  pattern  contains  other  spots  which  almost  form 
a  ring  pattern.  This  ring  pattern  also  indexes  to  the  lattice 
constant  of  GaAs.  The  polycrystalline  quality  could  be  the 
result  of  the  microtoming  process.  The  significance  of  this 
diffraction  pattern  is  that  it  proves  that  the  darker  region 
is  the  GaAs  substrate. 
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Figure  28.  Selected  Area  Diffraction  Pattern  of  the  Lower 
Interface  Region  (Area  #1)  for  Sample  3903 


Table  4. 


Error  Associated  with  Indexing  Selected  Area 


Diffraction  Pattern  to  GaAs 


dj  Spacings  (A) 


Measured 

Calculated 

Error 

(6 

2 

0) 

0.8974 

0.8939 

+0.39% 

(3 

3 

1) 

1.2917 

1.2970 

-0.41% 

(3 

I 

1) 

1.7107 

1.7045 

+0.36% 

Angles  Between  Planes 

Measured  Calculated  Error 

(6  2  0),  (3  I  1)  40.0“  40.3“  -0.74% 

(33  1),  (3  I  1)  110.0“  110.2“  -0.18% 

The  second  spot  pattern  shown  in  Figure  29  is  from 
selected  area  #2,  the  lighter  region  of  the  bright  field 
micrograph  in  Figure  26.  The  surprising  result  is  that  this 
pattern  indexes  to  indium  and  to  a  zone  axis  of  [1  0  1], 
Indium  is  a  face-centered  tetragonal  lattice  with 
a  =  b  =  4.5979  A  and  c  =  4.9467  A.  The  error  associated  with 
the  measurement  of  spacings  between  planes  and  angles  between 
planes  is  summarized  in  Table  5.  This  is  a  very  significant 
result  because  pure  indium  should  not  be  present  anywhere  in 
the  interfaces  of  this  material.  The  possibility  that  this 
has  anything  to  do  with  the  indium  solder  used  during  MBE 
growth  is  discounted.  This  is  because  the  diffraction  pattern 
is  through  a  cross  section,  and  the  selected  area  is  a 


I 


I 


I 
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specific  region  of  contrast  from  the  bright  field  image. 


Furthermore,  the  indium  solder  would  no  doubt  be 
polycrystalline. 

Table  5.  Error  Associated  with  Indexing  Selected  Area 
Diffraction  Pattern  to  Indium 

dj  Spacings  (A) 


Measured 

Calculated 

Error 

(1 

l 

1) 

2.7280 

2.7169 

+0.41% 

(0 

2 

0) 

2 . 3250 

2.2990 

+1.13% 

(1 

3 

1) 

1.4052 

1.3950 

+0.73% 

Angles  Between 

Planes 

Measured  Calculated  Error 

(T 

1 

i) , 

(i 

1  I) 

73.0'  72.4* 

+0.83% 

(0 

2 

0)  , 

(T 

1  I) 

53.5*  53.8' 

-0.56% 

TEM  Summary.  The  preceding  analysis  does  not  fully 
characterize  the  MBE  layers  of  3903.  However,  it  does  confirm 
the  hypothesis  that  the  layers  were  unsatisfactory  for  the 
purpose  of  device  fabrication.  The  JEOL  2000FX  is  also 
equipped  with  a  standard  Tracor  x-ray  spectrum  analyzer.  It 
measures  the  characteristic  x-rays  emitted  during 
characteristic  energy  transitions  in  a  material  due  to 
excitation  by  the  electron  beam.  The  observed  peaks  for  Ga 
and  As  were  strong  when  analyzing  the  sample.  When  the 
regions  which  have  been  analyzed  as  pure  indium  were  observed, 
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Figure  29.  Selected  Area  Diffraction  Pattern  of  the  Upper 
Interface  Region  (Area  #2)  for  Sample  3903 
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the  peak  for  indium  became  the  only  one  (excluding  Cu  from  the 
system  and  Ni  from  the  grid) .  Another  result  from  the  x-ray 
analyzer  was  that  no  aluminum  peak  (anywhere)  in  any  of  the 
samples  was  observed.  This  is  perhaps  attributable  to  the 
problem  with  the  aluminum  effusion  cell. 

Finally,  an  independent  photoluminescence  test  done  at 
the  University  of  Illinois  confirms  this  conclusion. 
Photcluminescence  is  the  emission  of  optical  radiation  as  a 
result  of  excitation  by  optical  radiation  [60].  This  is  done 
at  very  low  temperatures  (4  °K)  to  exclude  any  radiation  that 
is  the  result  of  the  temperature  of  the  material.  In  a 
quantum  well  heterostructure,  the  expected  result  is  a 
wavelength  which  correspond  to  the  transition  of  the  band  gap 
of  the  material  where  the  quantum  well  is.  Thus,  for  a 
pseudomorphic  structure,  one  would  expect  to  observe  a  peak 
emission  near  9100  A  corresponding  to  the  1.36  eV  band  gap  of 
In0  15Ga0  85As .  The  result  on  MBE  layer  3903  was  that  no  peak 
corresponding  to  this  wavelength  was  observed. 

Gate  Deposition 

The  following  sub-sections  detail  and  analyze  the  test 
results  of  the  gate  deposition  processes  that  were  performed 
during  this  effort.  The  section  is  organized  according  the 
steps  that  were  taken  to:  1)  calibrate  the  process  with  the 
prof ilometer ,  and  2)  fabricate  the  various  devices. 

In  addition  to  the  growth  run  designators  3409  and  3903, 
individual  samples  were  numbered  and  lettered  (e.g.  3409-1, 
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3903-1A)  if  necessary  because  the  sample  was  divided  during 
the  fabrication.  In  accordance  with  the  fabrication 
procedures  described  in  Chapter  III,  molybdenum  gates  were 
deposited  at  various  thicknesses.  For  sample  3409-2,  the 
finer  2  4m  gates  lifted  off  because  the  standard  photoresist 
process  was  used.  For  subsequent  samples,  the  lift-off  was 
accomplished  with  the  PR  hardening  chlorobenzene  technique 
described  in  Chapter  III.  This  process  allowed  for  cleaner 
lift-off  with  the  thicker  depositions.  The  thicker  molybdenum 
was  needed  to  insure  the  blocking  of  the  implant. 


Table  6.  Thicknesses  of  Molybdenum  Gate  Depositions 


Sample 

Gate  Thickness  (A) 

3409-1 

100 

3409-2 

2075 

3409-4 

1150 

3409-5 

1150 

3903-1 

2050 

3903-2 

900 

Profile  Measurements.  These  gate  thicknesses  were  first 
estimated  with  the  thickness  monitor.  The  values  were  then 
confirmed  from  profilometer  measurements.  Table  6  summarizes 
these  measured  values  for  the  different  fabrication  runs.  An 
example  of  a  typical  profile  measurement  after  gate  deposition 
is  shown  in  Figure  30. 


Cap  Laver  Etch.  A  critical  step  associated  with  the  gate 
deposition  is  the  self-aligned  cap  layer  (InAs)  etch.  This 
liquid  etch  is  necessary  to  remove  what  would  be  a  conduction 
path  between  the  gate  and  the  source  or  drain.  It  is  a 
critical  step.  It  is  critical  because  of  the  ion  implantation 
step  which  follows.  If  too  much  of  the  AlGaAs  is  removed  with 
this  etch,  even  a  low  energy  (50  KeV)  implant  will  go  too  deep 
into  the  GaAs  buffer  layer.  This  means  that  the  peak  of  the 
implant  would  not  contact  the  150  A  channel  region. 


Figure  30.  Profilometer  Measurement  after  Gate  Deposition 
for  Sample  3409-4 


The  very  first  sample  (3409-1)  did  not  undergo  the  cap 
layer  etch  because  it  was  felt  that  the  InAs  could  be  used  to 
produce  high  quality  ohmic  source  and  drain  contacts.  Thus, 
the  cap  etch  was  attempted  after  the  source  and  drain 


deposition.  Because  of  an  inordinately  high  gate  leakage 
current  in  this  device  and  a  concern  that  this  etch  might  have 
caused  the  leakage,  successive  fabrications  included  the  cap 
etch  right  after  gate  deposition.  Table  7  summarizes  the 
results  of  the  cap  layer  etches  as  measured  by  the 
prof ilometer . 


Table  7.  Thicknesses  Associated  with  Capping  Layer  Etch 


Sample 

Total 

Etch 

(A) 

Cap 

Thickness 

(A) 

AlGaAs 

Thickness 

(A) 

Remaining 

AlGaAs 

(A) 

3409-2 

300 

200 

500 

400 

3409-4 

350 

200 

500 

350 

3409-5 

350 

200 

500 

350 

3903-1 

900 

500 

530 

130 

3903-2 

600 

500 

530 

430 

An  example  of  a  typical  profile  measurement  after  the 
capping  layer  etch  is  shown  in  Figure  31.  From  this  figure, 
it  is  apparent  that  the  etch  on  3409-4  resulted  in  the  surface 
of  the  structure  becoming  pitted.  Although  the  mean  etch 
depth  is  approximately  350  A  from  the  straight  line  estimate, 
the  profile  reveals  that  the  surface  varies  by  as  much  as 
200  A  in  either  direction  from  the  straight  line  estimate. 
At  these  dimensions,  variations  of  such  magnitude  cannot  be 
taken  lightly.  This  cap  etch  is  a  critical  part  in  the 
fabrication  process.  From  the  considerations  of:  gate  under- 


cutting,  depth,  and  surface  consistency,  it  is  important  to 
control  this  etch. 


Figure  31.  Profilometer  Measurement  after  Cap  Layer  Etch  for 
3409-4 


I 
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However,  throughout  the  different  fabrications,  control 
of  this  etch  remained  a  consistent  problem.  For  sample 
3409-2,  the  following  happened.  According  to  both  the 
literature  and  the  experience  at  CSL,  a  1:1:38  solution  of 
H3P04 :  H202 :  H20  should  etch  InAs  at  20  A/sec  and  AlGaAs  at 
14  A/sec.  Sample  3409-2  was  etched  for  20  seconds  in  a  1:1:38 
solution  which,  according  to  the  estimates,  should  etch  the 
200  A  of  InAs  and  then  140  A  into  the  AlGaAs.  However  the 
profile  revealed  that  only  200  A  total  had  been  etched.  With 
this  sample,  no  pitting  of  the  surface  was  observed,  and  a 
1:1:78  solution  of  H3P04 : H202 : H20  was  used  for  15  more  seconds 
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to  etch  100  A  into  the  AlGaAs.  For  sample  3903-1,  the 
opposite  happened.  This  sample  was  etched  for  35  seconds  in 
a  1:1:38  solution  which,  according  to  the  estimates,  should  I 

etch  the  500  A  of  InAs  and  then  140  A  into  the  AlGaAs. 

However  the  profile  revealed  that  400  A  (too  much)  of  the 

AlGaAs  had  been  etched.  I 

Such  measurements  indicate  an  inability  to  control  the 
cap  layer  etch.  This  might  be  due  to  the  difference  in  the 
InAs  layer  thickness  or  the  quality  of  3409  versus  that  of  I 

3903.  However,  the  surface  pitting  problem  observed  in 
3409-4,5  was  not  observed  in  3409-2  or  3903-1,2.  Inconsistent 
etching  practices  or  solutions  could  also  yield  such  lack-  I 

luster  results.  In  general,  despite  attempts  to  change 
concentrations  and  exercise  consistent  procedures,  the  cap 
([•  layer  etch  remained  an  unpredictable  process  throughout  the  ! 

various  fabrications. 

Ion  Implantation 

The  following  sub-sections  detail  and  analyze  the  test 
results  of  the  ion  implantation  processes  that  were  performed 
during  this  effort.  This  section  is  organized  according  the  ^ 

experimental  steps  that  were  taken  to:  1)  calibrate  the 

process,  and  2)  fabricate  the  various  devices. 

Calibration.  The  purpose  of  this  step  was  to  find 
appropriate  implantation  conditions  for  the  ion  implanter  at 
AFWAL.  In  order  to  determine  an  appropriate  energy  and  dose 
for  the  SISFET  fabrication,  three  samples  of  MBE  grown. 
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undoped  GaAs  were  implanted  under  different  conditions.  An 
underlying  assumption  here  is  that  implanting  into  GaAs 
produces  results  similar  to  implanting  into  the  hetero¬ 
structures  of  the  SISFET.  All  three  samples  were  implanted 
with  *28Si  ions  at  a  dose  of  1  x  1013  ions/cm2.  This  flux  was 
chosen  because  it  produces  a  predicted  (LSS)  peak 
concentration  on  the  order  of  1018  cm'3  in  GaAs.  The  energies 
used  were  60,  100,  and  180  KeV.  The  samples  were  annealed 
between  silicon  wafers  at  800  *C  for  15  seconds  in  the  Rapid 
Transit  Anneal  (RTA) .  Capacitance-Voltage  (C-V)  and  Secondary 
Ion  Mass  Spectroscopy  (SIMS)  were  done.  The  range  (depth  into 
the  sample  of  peak  concentration)  and  peak  concentration  for 
these  various  energies  were  estimated  from  the  C-V  and  SIMS 
graphs.  The  results  are  shown  in  Table  8  along  with  the  LSS 
predicted  value  taken  from  a  computer  model  at  AFWAL  [34]. 

Although  the  various  numbers  are  not  in  perfect 
agreement,  they  provided  the  estimates  necessary  to  proceed 
with  the  fabrication  attempt.  With  the  proposed  SISFET 
structure,  the  ideal  implant  profile  has  a  peak  at  or  very 
close  to  the  AlGaAs/InGaAs  heterointerface  (or  channel) .  The 
reasons  for  this  are:  1)  to  provide  maximum  carrier 
concentration  in  the  channel,  and  2)  to  reduce  the  potential 
for  parasitic  conduction  by  inadvertently  doping  the  GaAs 
buffer  layer. 

Assuming  an  optimum  cap  layer  etch,  there  remains 
approximately  400  A  of  AlGaAs.  This  means  that  an  implant 
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Table  8.  Implant  Range  into  GaAs  and  Peak  Concentration  at 
a  Dose  Equal  to  1  x  1013  ions/cm2  Measured  by  C-V  and  SIMS 


Implant 

Energy 

C-V 

CSL 

SIMS 

AFWAL 

SIMS 

LSS 

(pred.) 

RANGE 

60  KeV 

850  A 

800  A 

500  A 

500  A 

100  KeV 

1000  A 

950  A 

800  A 

900  A 

180  KeV 

1900  A 

1900  A 

1800  A 

1700  A 

PEAK 

CONCENTRATION  (cm'3) 

60  KeV 

2.5X1017 

9X1017 

4xl017 

1.5X1018 

100  KeV 

4xl017 

7xl017 

6X1017 

6xl017 

180  KeV 

3.5X1017 

3xl017 

2xl017 

6xl017 

peak  need  not  go  further  than  approximately  500  A  (400  A  of 
AlGaAs  and  100  A  of  inGaAs)  into  the  structure  in  order  to 
contact  the  channel.  The  data  presented  above  made  manifest 
that  an  implant  energy  of  50  KeV  to  60  KeV  would  suffice. 
Implant  energies  less  than  50  KeV  were  not  possible  because 
the  Varian  400-10A  will  not  operate  stably  below  this  energy. 
Also,  the  data  in  Table  8  made  evident  that  a  dose  of  1  x  1013 
ions/cm"2  would  not  yield  a  doping  concentration  of  1018  cm'3. 
Therefore,  all  implant  doses  for  SISFET  fabrication  were 
5  x  1013  ions/cm'2  in  order  to  achieve  a  peak  concentration 
closer  to  1018  cm’3.  Another  result  here  is  that  the  C-V 
measurement  yielded  values  of  peak  concentration  close  to 


those  from  SIMS.  This  indicates  an  efficient  activation  of 
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the  implanted  ions  into  the  lattice  sites.  This  is  true 
because  the  C-V  technique  measures  the  carrier  profile  by 
measuring  the  reverse  bias  capacitance.  Thus,  it  can  only 
measure  a  profile  that  is  an  electrically  active  profile. 

Fabrication.  The  test  parameters  used  for  the  ion 
implantation  that  was  done  to  fabricate  SISFETs  are  shown  in 
Table  9.  All  implants  for  fabrication  were  done  with  a  dose 
of  5  x  1013  ions  per  cm2.  Energies  were  varied  in  an  attempt 
to  achieve  an  implant  profile  peak  at  or  near  the  channel 
region.  The  orientations  of  3409-1  and  3409-2  in  the  implant 
chamber  were  not  considered.  Subsequent  samples  were  tilted 
off  normal  to  (100)  along  the  gate  widths  of  the  smaller  FETs. 
As  defined  in  Appendix  A,  this  involved  a  rotation  about  the 
x  axis.  This  ensured  that  the  tilt  would  not  produce  an 
implant  unsymmetric  about  the  gate  on  the  source/drain  sides 
of  the  gate. 

Annealing 

The  following  sub-sections  detail  and  analyze  the  test 
results  of  the  annealing  processes  that  were  performed  during 
this  effort.  The  section  is  organized  according  the 
experimental  steps  that  were  taken  to:  1)  calibrate  the 
process  using  control  samples,  and  2)  fabricate  the  various 
samples  under  different  conditions. 

Calibration.  Various  steps  were  taken  to  insure  the 
validity  of  the  annealing  process.  One  of  the  outcomes  of  a 
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Table  9.  Ion  Implantation  Test  Parameters  Used  During 
Fabrication  of  SISFET  Structures 


Sample 

Energy 

Dose 

Angle 

(KeV) 

(cm'2) 

(*) 

3049-1 

60 

5  x  1013 

7 

3409-2 

100 

5  x  1013 

9 

3409-4 

60 

5  x  1013 

7 

3409-5 

60 

5  x  1013 

7 

3903-1 

50 

5  x  1013 

7 

3903-2 

50 

5  x  1013 

7 

Monolithic  Microwave  Integrated  Circuits  (MMIC)  implant  study 
done  at  AFWAL  is  a  technique  for  evaluating  the  condition  of 
the  RTA  thermocouple.  This  is  done  with  GaAs  samples  that 
are  dual  implanted:  130  KeV  at  3  x  1012  cm'2  and  50  KeV  at 
0.7  x  1012  cm'2.  These  samples,  which  are  identical  to  those 
used  in  the  MMIC  study,  were  annealed  at  the  same  time  and 
temperature  which,  in  the  MMIC  study,  produced  a  mobility  of 
3750  cm2/(V-s)  and  an  activation  of  45%  [7].  The  results  of 
this  MMIC  study,  from  Hall  mobility  measurements,  are 
summarized  in  Table  10. 

The  following  process  was  done  prior  to  most  of  the 
annealing  done  during  fabrication  in  this  study.  First  the 
dual  implanted  GaAs  sample  was  subjected  to  30  second  rinses 
in  trichloroethylene,  acetone,  methanol  and  isopropyl  in  that 
order.  The  sample  was  then  blown  dry  with  N2  gas.  Next  the 
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Table  10.  MMIC  Study  Results  for  Mobility  and  Activation  of 
Dual  Implanted  GaAs  Annealed  at  Various  Temperatures  for  10 
Seconds  in  the  Heatpulse  210T  at  AFWAL 


Temperature 

(*C) 

Mobility 
(cm2/  (Vs)) 

Activation 

(%) 

825 

1550 

74 

850 

3625 

49 

875 

3500 

50 

900 

3700 

44 

925 

3350 

34 

sample  was:  etched  xn  a  HC1:H20  (1:1  by  volume)  solution  for 
1  minute,  rinsed  in  DIW  for  5  minutes,  etched  in  a  Buffered 
Oxide  Etch  (BOE)  for  1  minute,  rinsed  in  DIW  for  10  minutes, 
and  then  dried  in  a  N2  oven  at  100  “C  for  5  minutes.  These 
steps  created  a  clean  oxide-free  surface  prior  to  annealing. 
The  sample  was  then  annealed  between  two  silicon  wafers  for 
10  seconds  at  900  *C  in  an  atmosphere  of  forming  gas. 
Following  the  anneal,  four  point  probe  measurements  were 
taken.  A  measurement  of  620  n/B  with  a  standard  deviation  of 
not  more  95  fl/B  confirmed  proper  operation  of  the 
thermocouple.  If  results  are  achieved  outside  the  range  525- 
715  n/B  (±  2  standard  deviations) ,  then  experience  at  AFWAL 
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indicates  that  either  the  thermocouple  needs  to  be  replaced 
or  the  RTA  chamber  needs  cleaning. 

An  additional  experiment  was  done  because  of  a  concern 
that  the  temperature  of  the  sample  might  be  considerably 
different  than  the  temperature  indicated  by  the  Thermocouple 
(TC)  installed  and  embedded  in  the  silicon  baseplate  of  the 
RTA.  An  additional  Omega  CHAL-005  Chromel-Alumel  TC  was 
installed  into  the  RTA  in  a  setup  identical  to  that  used  for 
the  device  fabrication  annealing.  This  is  shown  in  Figure  32. 


Figure  32.  Arrangement  During  Annealing  with  Additional 
Thermocouple  Touching  Sample.  Both  Thermocouples  were  Type-K 
Chromel-Alumel  of  Similar  Diameter 


The  CHAL-005  TC  was  connected  to  a  standard  Chromel- 
Alumel  (Type-K)  TC  reader,  and  was  installed  into  the 
Heatpulse  210T  RTA  chamber.  The  leads  were  insulated  around 
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the  RTA  chamber  door  in  order  to  keep  them  from  shorting.  The 
CHAL-005  is  0.005  inch  diameter  wire  that  can  withstand  long 
term  exposure  to  temperatures  up  to  1100  *C.  The  thermocouple 
was  placed,  as  shown  in  Figure  32,  so  that  it  touched  the  GaAs 
sample.  The  sample  was  annealed  at  900  *C  for  10  seconds. 

The  result  was  that  the  reading  on  the  CHAL-005  TC 
increased  faster  than  that  of  the  originally  installed  TC. 
However,  during  the  whole  annealing  cycle,  the  reading  on  the 
CHAL-005  was  always  within  30  *C  of  the  reading  on  the 
original  TC.  At  the  peak  of  the  anneal,  the  CHAL-005  peaked 
at  928  *C,  and  then  it  cooled  off  slightly  faster  than  the 
original  TC  as  well.  A  more  accurate  test  could  have  included 
either  embedding  or  cementing  the  TC  to  the  sample.  However, 
this  test,  which  was  done  only  once,  provided  additional 
confidence  that  the  originally  installed  TC  was  reasonably 
accurate.  More  importantly,  it  confirms  that  the  samples 
annealed  during  fabrication  were  subjected  to  temperatures 
reasonably  close  (well  within  50  *C)  to  the  temperatures 
indicated  by  the  originally  installed  thermocouple. 

Fabrication.  The  test  parameters  used  for  the  annealing 
that  was  done  to  fabricate  SISFETs  are  shown  in  Table  11. 
Samples  3409-1A  and  IB  were  proximity  annealed  between  two 
silicon  wafers.  Subsequent  samples  were  proximity  annealed 
under  a  GaAs  cap  wafer  as  described  in  Chapter  III,  All 
samples  were  annealed  using  the  automatic  thermocouple  mode 
because  the  process  with  this  mode  is  very  repeatable. 


Table  11.  Test  Parameters  Used  for  Rapid  Transit  Annealing 
During  SISFET  Fabrication 


Sample 

Anneal 

Anneal 

Temperature 

Time 

CO 

(sec) 

3409-1A 

650 

25 

3409-1B 

700 

25 

3409-2 

800 

2 

3409-4 

800 

2 

3409-5 

800 

2 

3903-1A 

800 

10 

3903-1B 

800 

15 

3903-1C 

825 

5 

3903-ID 

850 

5 

3903-1E 

875 

5 

3903-2 

800 

10 

The  following  section  presents  the  results  of  the  source 
and  drain  depositions.  This  whole  process  including  the 
alloying,  as  described  in  Chapter  III,  is  very 
straightforward.  Therefore,  it  is  highly  unlikely  that  the 
processing  during  this  step  contributed  to  device  failure. 
The  greatest  potential  for  error  in  this  step  is  during  the 
optical  lithography  (alignment)  process.  Because  the  gates 
are  already  deposited,  the  spacing  between  the  gate  and  the 
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source  and  drain  contacts  is  determined  here.  However,  good 
alignment  was  achieved  in  all  cases.  This  was  easy  to  observe 
under  an  optical  microscope  even  before  developing  the 
photoresist.  The  exact  thickness  of  source  and  drain 
depositions  from  each  fabrication,  as  measured  by  the 
prof ilometer,  are  very  close.  Typical  depositions  were  400  A 
of  AuGe,  100  A  of  Ni,  and  600  A  of  Au.  The  devices  and  TLM 
patterns  were  probed  right  after  the  deposition,  but  no  good 
characteristics  were  ever  observed  until  the  samples  were 
alloyed. 

Alloying.  During  this  process  it  is  expected  that  the 
germanium  will  diffuse  down  into  the  implanted  region  and 
produce  an  ohmic  contact.  The  results  of  alloying  are  as 
follows.  As  observed  under  an  optical  microscope,  none  of 
the  3409  samples  consistently  alloyed.  When  a  contact  alloys 
(diffuses)  its  surface  becomes  irregular.  Inconsistent 
alloying  can  be  attributed  to  not  having  a  regular  lattice 
structure  underneath.  Since  the  annealing  times  for  the  3409 
samples  were  very  low,  it  is  likely  that  annealing  did  not 
sufficiently  repair  the  damage  from  ion  implantation.  This 
is  consistent  with  not  observing  good  ohmic  contacts,  as  will 
be  described  in  the  next  section.  Sample  3409-4  was  alloyed 
twice  and  then  a  third  time  at  550  "C  for  60  seconds  in  an 
attempt  to  allow  more  time  and  higher  temperature  for  the 
germanium  to  diffuse.  The  contacts  appearance  or  electrical 
characteristics  did  not  change.  After  source  and  drain 
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deposition,  the  3903  samples  were  also  non-ohmic.  The 
alloying  was  not  as  inconsistent,  and  it  did  produce  ohmic 
contacts  occasionally.  It  is  believed  that  the  higher 
temperatures  and  longer  times  during  rapid  transit  annealing 
were  a  major  factor. 

Finished  Samples 

The  following  sub-sections  detail  and  analyze  the  results 
of  the  tests  that  were  performed  during  this  effort  to 
characterize  the  finished  samples.  The  section  is  organized 
according  the  experimental  steps  that  were  taken  to: 
1)  examine  the  surface  properties  and  dimensions,  (2)  measure 
the  specific  contact  resistance,  and  3)  measure  the  I-V 
characteristics  of  the  various  samples. 

(•  SEM  Analysis.  A  series  of  SEM  micrographs  were  taken  in 

order  to  verify  the  dimensions  and  surface  properties  of  the 
fabricated  devices.  The  two  pictures  in  Figure  33  show  one 
of  the  transistors  from  sample  3409-4.  This  one  has  a  10  nm 
gate  length  and  100  urn  gate  width.  The  observed  dimensions 
are  exactly  the  same  as  the  expected  dimensions.  These 
particular  source  and  drain  contacts  have  a  good  alloyed 
appearance.  Furthermore,  the  result  of  the  mesa  etch  is 
visible. 

The  next  two  micrographs  in  Figure  34  are  of  the  same 
device  but  at  a  much  higher  magnification.  These  pictures 
show  the  edge  of  the  molybdenum  gate  in  the  active  region. 
The  pitting  of  the  surface  resulting  from  the  cap  layer  etch 
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on  Finished  Sample  3409-4.  Alloying  and  Mesa  Isolation  are 


Visible. 
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is  confirmed.  Due  to  a  glitch  in  the  SEM,  the  scale  on  the 
picture  incorrectly  reads  0  /im.  The  top  picture  has  a  2  p 
scale  and  the  bottom  picture  has  a  1  fim  scale.  The  picture 
shows  that  the  cap  layer  etch  has  undercut  the  gate  by  0.8  nm 
on  each  side.  Furthermore,  the  undercutting  has  resulted  in 
the  gate  metal  shearing  off  and  dropping  away.  In  the  case 
of  3409-4,  the  gate  leakage  was  very  low.  Therefore,  this 
effect  is  not  the  cause  of  the  gate  leakage.  However,  this 
artifact  indicates  a  considerable  amount  of  undercutting,  and 
it  explains  why  many  of  the  finer  2  /ira  gates  practically 
disappeared. 

The  next  four  pictures  in  Figure  35  and  Figure  36  reveal 
a  problem  with  using  a  MODFET  mask  set  to  build  a  SISFET.  The 
mesa  mask  only  covers  the  active  region  because  in  a  MODFET 
fabrication,  this  is  the  first  step.  For  the  SISFET,  the  gate 
deposition  is  the  first  step.  This  means  that  during  the  mesa 
etch,  neither  the  gate  pad  or  the  finger  of  the  gate  which 
extends  beyond  the  active  region  are  protected.  The  top 
picture  shows  the  severe  undercutting  of  the  gate  pad  which 
results.  The  bottom  picture  shows  a  top  view  of  the  gate 
finger  beyond  the  active  region.  The  undercutting  is  visible 
here.  The  two  pictures  in  Figure  36  show  the  gate  finger 
undercutting  in  greater  detail.  Both  pictures  reveal  that  at 
this  end  of  the  gate,  the  molybdenum  is  actually  starting  to 
curl  up  where  it  has  been  undercut  by  the  mesa  etch.  The 
scale  of  the  upper  picture  in  Figure  36  is  2  nm. 
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Specific  Contact  Resistance.  With  samples  3903-1  and 
3903-2,  reasonable  and  consistent  numbers  were  obtained  for 
specific  contact  resistance.  The  Transmission  Line  Method 
(TLM) ,  which  is  illustrated  in  Figure  37,  was  used  to  measure 
these  values.  During  source  and  drain  deposition  sets  of 
75  urn  wide  contact  pads,  separated  by  spaces  of  1,  2,  3,  4, 
6,  8,  and  10  jttm,  were  deposited  on  the  implanted  AlGaAs 
regions  of  every  sample.  The  samples  were  placed  on  the  AFWAL 
microprobe  station  connected  to  a  Keithley  Instruments  (KI) 
225  constant  DC  current  source.  A  Hewlett-Packard  3465B 
digital  multimeter  was  connected  in  parallel  to  the  samples 
as  shown  in  Figure  37.  A  fixed  current  of  500  /iA  was  passed 
through  the  contact  pairs  in  the  TLM  pattern,  and  the  voltage 
between  the  contacts  was  measured  with  the  multimeter.  Ohm's 
Law  gives  the  resistance. 

The  result  is  an  excellent  linear  fit  of  resistance  vs. 
contact  spacing.  The  arrangement  of  using  both  the  current 
source  and  the  multimeter  allows  for  removal  of  the  error 
associated  with  measuring  small  resistances.  Both  the  current 
source  and  the  multimeter  have  a  non-infinite  input  impedance. 
Much  of  the  error  associated  with  each  unit  and  with  the 
resistance  of  the  leads  is  cancelled  out  during  the  Ohm's  Law 
division.  The  resistance  versus  contact  spacing  data  was  fit 
to  a  degree  one  (linear)  curve.  The  ordinate  intercept  of  the 
resultant  line  is  the  theoretical  point  where  the  contact 
spacing  is  zero.  This  value  is  the  resistance  associated  just 
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Figure  37.  Specific  Contact  Resistance  Measurement  Technique 
and  Linear  Curve  Fit  [35:100] 


with  the  two  contacts  and  not  with  any  semiconductor  material 
in  between.  Dividing  this  value  by  two  and  multiplying  by  the 
contact  width  gives  a  contact  width  independent  (scaled)  value 
for  the  specific  contact  resistance,  Rc,  in  units  of  fi-mm. 

The  results  from  samples  39C3-1A  through  3903-1E  and 
3903-2  are  summarized  in  Table  12.  The  sheet  resistance  (fl/B) 
of  the  semiconductor  material  under  the  contact  is  given  by 
the  slope  of  the  line  fit  to  the  data.  Sheet  resistance  is 
a  function  of  the  mobility  and  implant  profile  of  the  material 


underneath  and  of  the  junction  depth.  It  is  generally  related 
to  the  average  conductivity  of  the  material  when  multiplied 
by  the  junction  depth  [59].  The  correlation  coefficient  (p) 
has  been  calculated  according  to  standard  probability  theory 
[9:258]  for  linear  regression.  The  lower  correlation 
coefficients  are  the  result  of  a  wider  variation  of  Rc  when 
measured  over  a  number  of  TLM  patterns. 


Table  12.  Measured  Specific  Contact  Resistances  Using  TLM 
Method  after  Alloying  50  sec  in  H2  at  500  °C 


Sample 

Rc 

Rs 

n 

P 

(n-mm) 

(n/«) 

3903 -1A 

0.65 

365 

31 

0.97 

3903-1B 

1.75 

378 

7 

0.99 

3903-1C 

1.58 

474 

6 

0.99 

3903-ID 

0.93 

302 

30 

0.75 

3903-1E 

0.77 

273 

21 

0.47 

3903-2 

1.98 

598 

28 

0.85 

All  of  the  3409  samples  exhibited  non-ohmic  contacts. 
Specifically,  instead  of  resistances  on  the  order  of  tens  of 
ohms  or  less,  direct  probing  revealed  resistances  on  the  order 
of  many  kilo-ohms  or  more.  In  some  cases,  the  values  were  in 
the  mega-ohm  range  or  among  TLM  contacts  on  the  same  sample, 
diode  characteristics  were  observed.  Specifically,  the 
results  for  sample  3409-2  were  inconsistent.  For  the  other 
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3409  samples,  attempts  to  measure  the  specific  contact 
resistance  from  TLM  patterns  resulted  in  non-linear  plots. 
Attempts  to  condense  such  data  to  a  least  squares  fit  resulted 
in  negative  values  of  specific  contact  resistance.  This,  of 
course,  is  an  unreasonable  result  with  no  significance.  It 
is  probable  that  layer  3409  was  the  result  of  good  quality  MBE 
growth  and  that  it  met  the  growth  specifications.  This  is 
because  transistor  action  was  achieved  with  both  3409-1  and 
3409-4.  Not  achieving  good  results  is  attributable  to  not 
achieving  good  source  and  drain  contacts,  which  is 
attributable  to  either  improper  implantation  or  annealing 
conditions  or  both. 

The  operation  of  the  SISFET  relies  on  an  ohmic  contact 
gate  as  well  as  ohmic  source  and  drain  contacts.  Another 
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interesting  result  came  from  a  control  sample  that  was 
processed  during  the  gate  deposition  of  3409-4.  A  piece  of 
3409  was  exposed  to  the  contact  mask  (with  the  TLM  patterns) 
and  then  developed.  Molybdenum  was  evaporated  onto  it  and 
then  lifted  off  as  described  in  Chapter  III. 

The  expected  result  of  very  low  resistance  contacts  was 
not  obtained.  Instead,  although  the  contacts  were  ohmic  in 
the  sense  that  their  I-V  characteristic  was  linear,  the 
resistance  was  on  the  order  of  kilo-ohms.  Measured  values 
were  27.3  fl  mm  for  the  specific  contact  resistance  and 
2730  n/B  for  the  sheet  resistance.  Thus,  even  though  3409-4 
exhibited  transistor  action,  the  lack  of  low  resistance,  ohmic 


116 


i 


source  and  drain  contacts  was  not  the  only  problem.  Further 
investigation  into  the  specific  contact  resistance  of 
molybdenum  onto  heavily  doped  (5  x  1018  cm'3)  InAs  was  not 
done.  Previous  studies  have  shown  that  contacts  onto  n*-InAs 
should  be  quite  good,  and  that  the  Fermi  level  should  actually 
be  above  the  conduction  band  in  the  InAs  [47].  However,  the 
control  sample  measurements  indicate  that  the  assumption  of 
a  low  resistance  gate  contact  was  potentially  unwarranted. 
Because  of  the  problems  with  MBE  crystal  growth  and  potential 
problems  with  ion  implantation  and  annealing,  it  is  not  clear 
exactly  what  this  affect  had  on  device  performance. 

I-V  Characteristics.  To  the  extent  possible,  I-V 
characteristics  were  obtained  for  the  various  finished 
samples.  Transistor  action  was  obtained  with  3409-1;  however, 
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gate  leakage  was  a  problem.  Typical  gate  diode  character¬ 
istics  are  shown  in  Figure  38.  They  were  obtained  from  one 
of  the  10  by  100  m m  gate  transistors  (length  by  width) .  The 
drain  to  source  current  at  saturation  was  very  small  (on  the 
order  of  micro-amps)  ,  and  the  gate  leakage  was  inordinately 
high. 

In  analyzing  this  result,  several  factors  must  be 
considered.  First,  because  only  100  A  of  molybdenum  was 
evaporated  for  the  gate,  it  is  likely  that  either  because  of 
thinness  or  non-uniformity,  that  the  molybdenum  did  not  block 
the  implant.  Such  a  possibility  easily  explains  the  high  gate 
leakage.  Second,  as  mentioned  before,  the  cap  etch  was  the 
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Figure  38.  Typical  Gate  Diode  Characteristic  for  Sample 
3409-1,  VD$  =  0  Volts 

last  step  in  the  fabrication  of  this  sample.  It  is  possible 
that  uneven  wetting  caused  an  incomplete  etch  of  the  InAs, 
even  though  profile  measurements  showed  a  total  etch  of  350  A. 
This  could  also  explain  the  gate  leakage.  Third,  the  low 
current  levels  are  certainly,  at  least  in  part,  due  to  the 
fact  that  low  resistance  source  and  drain  contacts  were  not 


achieved.  High  source  resistances  have  a  direct  impact  on  the 
current  carried  by  the  device. 

The  characteristics  of  sample  3409-2  were  inconsistent 
and  unmeasurable.  No  I-V  curves  are  presented  for  this 
sample.  No  saturation  characteristic  was  even  observed. 
There  was  no  gate  leakage,  but  the  "devices"  just  operated  as 
resistors.  Applied  gate  voltage  had  no  effect,  and  current 
levels  were  generally  in  the  micro-amp  range.  From  attempted 
TLM  measurements,  the  contacts  were  either  non-ohmic  or  high 
resistance.  During  the  mesa  etch  of  this  sample,  examination 
of  the  surface  with  an  optical  microscope  revealed  a  cracked 
appearance  all  over  the  sample.  This  was  unexpected.  The 
behavior  of  the  finished  sample  is  attributed  to  the 
possibility  that  the  layer  became  polycrystalline.  Perhaps, 
the  combination  of  the  higher  energy  (100  KeV)  implant  with 
improper  annealing  was  responsible. 

The  designation  for  sample  3409-3  is  perhaps 
conspicuously  absent  from  the  discussion.  This  was  an  attempt 
to  fabricate  the  device  by  using  MBE  re-growth  after  a  self- 
aligned  etch  into  the  buffer  layer.  No  good  results  were 
obtained  with  this  technique,  and  it  is  beyond  the  scope  of 
the  effort. 

Transistor  action  was  obtained  with  sample  3409-4.  The 
family  of  I-V  curves  for  both  negative  and  positive  gate  bias 
are  shown  in  Figure  39.  These  curves  were  typical.  They  were 
obtained  from  one  of  the  4  /*m  by  100  nm  gate  transistors 
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(length  by  width)  .  The  drain  to  source  current  was  very  small 


and  on  the  order  of  micro-amps.  The  gate  diode  I-V 
characteristics  are  shown  in  Figure  40.  In  this  case, 
although  the  I-V  characteristics  are  similar  to  those  of 
3409-1,  the  gate  leakage  was  very  low  and  on  the  order  of 
micro-amps . 


Figure  40.  Typical  Gate  Diode  Characteristic  for  Sample 
3409-4 


The  I-V  results  of  the  3903  samples  are  as  follows.  No 
transistor  action  was  achieved;  however,  this  is  attributed 
to  the  fact  that  the  MBE  layers  were  bad.  The  gate  diode 


121 


J 


characteristics  for  3903-2  are  shown  in  Figure  41.  The  first 
plot  was  done  before  alloying,  the  second  plot  after  alloying. 
The  data  is  presented  to  show  the  fact  that  in  the  case  of  the 
3903  layers,  the  alloying  did  have  an  affect.  The  affect  was 
not  only  to  produce  ohmic  contacts,  but  also  that  gate  leakage 
in  the  forward  bias  direction  became  larger  than  in  the 
reverse  bias  direction.  The  meaning  of  the  shift  is  unclear 
because  of  the  bad  MBE  growth.  However,  the  result  of  higher 
leakage  in  the  forward  bias  case  is  what  one  would  expect  for 
a  properly  fabricated  SISFET. 
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Figure  41.  Gate  Diode  Characteristics  of  Sample  3903-2  Before 
Alloying  (top)  and  After  Alloying  (bottom) 


This  study  was  an  investigation  into  the  concept  and 
fabrication  of  a  pseudomorphic  or  strained-channel  SISFET. 
The  model  developed  in  this  study  provided  the  foundation  for 
pursuing  the  fabrication  of  this  novel  transistor  structure. 
In  principle,  this  device  solves  the  problems  of  process 
sensitive  threshold  voltages  and  limited  gate  voltage  swings 
in  the  MODFET.  Furthermore,  calculations  from  the  model 
predict  superior  characteristics  (two  to  three  times  the 
barrier)  for  gate  leakage  as  compared  to  the  standard 
GaAs/AlGaAs/GaAs  SISFET.  Thus,  the  pseudomorphic  structure 
will  support  gate  voltages  to  three  volts.  The  "natural" 
threshold  voltage  is  positive,  which  would  be  applicable  to 
high  speed  logic  circuits.  Also  the  self-aligned  method  of 
fabrication  using  ion-implanted  source  and  drain  regions  would 
also  result  in  a  shorter  and  minimal  channel  lengths. 

Conclusions 

The  results  of  characterizing  and  analyzing  the 
fabrication  of  the  pseudomorphic  SISFET  are  as  follows. 
Because  the  proposed  SISFETs  did  not  operate  as  expected, 
these  conclusions  are  stated  in  terms  of  the  problems 
encountered  with  the  fabrication.  However,  the  results  should 
not  deter  further  research.  In  fact,  the  results  of  this 
effort  should  continue  to  motivate  the  investigation  of  the 
pseudomorphic  SISFET. 
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1.  The  MBE  growth  of  layer  3409  may  be  assumed  to  have 
met  the  specifications  for  the  proposed  heterostructure.  The 
reasons  for  this  assumption  are  that  transistor  character¬ 
istics  were  achieved  and  gate  leakage  was  low.  The  only 
obvious  problem  with  sample  3409-4  was  the  lack  of  good  (low 
resistance)  contacts. 

2.  However,  the  MBE  growth  of  layer  3903  was  definitely 
defective,  and  was  the  primary  reason  for  not  getting  better 
results  during  this  effort.  This  conclusion  is  supported  by 
a  number  of  qualitative  and  quantitative  factors.  These 
included  physical  appearance  and  (after-the-fact)  discovery 
of  calibration  problems  with  the  Riber  1000  MBE  machine. 
Quantitatively,  TEM  electron  diffraction  shows  (within  1%  of 
error)  pure  indium  as  one  of  the  interfaces  in  the  structure. 
Furthermore,  an  independent  test  done  at  the  University  of 
Illinois  shows  a  flat  photoluminescence  response. 

3.  The  assumption  that  molybdenum  on  heavily  doped  n* 
InAs  results  in  a  very  low  resistance  ohmic  contact  may  be 
erroneous.  Control  samples  processed  with  3409-4  indicated 
specific  contact  resistances  for  molybdenum  on  n+InAs  to  be  on 
the  order  of  27.3  fl-mm. 

4.  The  etching  of  the  cap  layer  was  an  unpredictable 
process  with  respect  to  the  etch  rate.  No  doubt  the  variety 
of  different  materials  in  this  structure  contribute  to  this 
problem.  Additionally,  undercutting  of  the  gate  during  this 
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self-aligned  etch  results  in  shearing  at  the  edge  of  the  gate 
contacts . 

5.  There  may  be  some  fundamental  problems  with  ion 
implantation  and  high  temperature  annealing  in  a  pseudomorphic 
heterostructure.  Low  energy  and  high  dose  implants  have  been 
associated  with  an  ion  beam  defocusing  problem,  which  can 
result  in  ion  channeling  regardless  of  the  misorientation  of 
the  sample.  Also,  the  possibility  of  dislocation  induced 
diffusion  during  rapid  annealing  exists. 

6.  Some  amount  of  inconsistent  alloying  of  the  source 
and  drain  contacts  was  observed.  This  is  attributed  to  the 
inability  of  the  germanium  eutectic  to  diffuse  because  of  the 
amorphous  nature  of  the  underlying  implanted  regions. 

Recommendations 

1.  The  first  recommendation  deals  with  the  primary 
problem.  More  consideration  needs  to  be  given  to  the  MBE 
growth  process  and  insuring  that  the  materials  meet  the 
specifications  of  the  design.  Given  the  results  from  this 
effort,  this  should  be  done  before  attempting  to  fabricate  any 
more  devices.  Data  from  SIMS,  TEM,  Auger,  or  photolumines- 
cense  would  prove  useful  here. 

2.  Since  the  contact  resistance  of  molybdenum  on  n+  InAs 
is  questionable,  a  heavily  doped  GaAs  cap  layer  could  be 
employed.  The  IBM  team  demonstrated  that  this  works  with  a 
molybdenum  gate  contact.  This  would  lower  the  threshold 
voltage  considerably.  However  it  would  also  allow  the  pursuit 
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of  Reactive  Ion  Etching  (RIE)  of  the  cap  layer.  This  would 
provide  better  controllability  of  the  cap  etch  as  well,  and 
potentially  the  ability  to  control  the  gate  undercutting. 

3.  The  use  of  a  40%  AlAs  mole  fraction  could  be 
considered  for  the  barrier  layer  even  though  this  reduces  the 
barrier  to  gate  leakage  and  changes  the  threshold  voltage. 
The  reason  for  this  is  that  a  good  quality  40%  AlGaAs  alloy 
is  easier  to  produce  than  a  50%  alloy. 

4.  Pseudomorphic  structures  are  necessarily  thin  layers 
because  of  the  critical  thicknesses  involved.  Since  the  low 
energy  implants  may  still  channel  (beam  defocusing) ,  the  idea 
of  a  SiN  implant  mask  over  the  whole  structure  is  worth 
considering.  This  would  aid  in  achieving  a  range  near  the 

Cf  channel  layer  and  perhaps  reduce  damage  to  the  implanted 
regions. 

5.  Because  of  the  fundamental  (stability)  problem  that 
may  exist  with  the  implantation  and  annealing  of  a 
pseudomorphic  heterostructure,  the  possibility  of  a  MBE  re¬ 
growth  technique  should  be  investigated.  MBE  re-growth  has 
been  successfully  demonstrated  on  Heterojunction  Bipolar 
Transistors  (HBTs)  at  the  University  of  Illinois.  The  idea 
would  be  to  etch  the  structure,  after  gate  deposition,  down 
past  the  channel  layer.  The  doped  source  and  drain  regions 
would  then  be  regrown  on  top  of  the  structure. 

5.  Given  sufficient  material,  control  samples  could  be 
used  judiciously.  Specifically,  a  control  sample  would  not 


127 


undergo  gate  metal  evaporation,  but  undergo  the  cap  etch, 
implantation,  and  annealing.  SIMS,  C-V,  and  four-point  probe 
measurements  would  then  provide  a  check  on  the  implantation 
and  annealing  conditions. 

6.  Finally,  the  use  of  a  mask  set  more  conducive  to 
SISFET  fabrication  should  be  considered.  The  mesa  isolation 
pattern  used  here  only  protected  the  active  area.  Thus  the 
gate  pads  are  seriously  attacked  during  a  mesa  etch. 


First  Order  Charge  Control  Model  for  a  self-aligned,  strained 
channel,  n*-InAs/Undoped  Al0  sGa0  5As/Undoped  In0  15Ga0  asAs 
Semiconductor  Insulator  Semiconductor  FET  (SISFET) 


Introduction 

The  simplest  way  to  begin  modelling  the  behavior  of  a 
SISFET  is  to  obtain  the  one  dimensional  solution  to  the  sheet 
density  of  electrons  in  the  quantum  well  channel  as  a  function 
of  the  applied  gate  voltage.  The  structure  analyzed  in  this 
appendix  is  shown  in  Figure  42.  It  consists  of  a  molybdenum 
gate  placed  on  a  degeneratively  doped  n*-InAs  cap  layer. 
Below  this  layer  is  an  undoped  Al0  5Ga0  5As  barrier  layer  and 
then  an  undoped  In0  .15Ga0.  85As  channel  layer.  The  channel  is 
grown  on  a  1  fim  GaAs  buffer  layer  and  a  semi-insulating  GaAs 
substrate.  The  information  here  is  theoretical.  It  is 
presented  as  an  appendix  because  the  SISFETs  fabricated  in 
this  study  did  not  work  as  expected.  Thus,  this  effort  does 
not  experimentally  verify  the  predictions  from  this  model. 

Assumptions 

The  following  analysis  is  based  on  certain  assumptions. 
These  are  listed  explicitly  below: 

1)  All  available  donors  and  acceptors  are  ionized  in  the 
AlGaAs  under  the  gate,  and  therefore  the  mobile  carrier 
densities  are  negligible  in  this  region. 


SI  Gafts  Substrate 


Figure  42.  Coordinate  System  Definition  for  Charge  Control 
Derivation  in  the  SISFET  Structure 


2)  The  AlGaAs  is  slightly  n  type  so  that  the  charge  in 
this  region  is  ionized  donors  only. 

3)  The  electric  field  under  the  gate  is  quasi-constant 
with  respect  to  the  x  and  y  directions. 

4)  The  potential  barrier  0B  at  the  AlGaAs/ InGaAs 
hetero junction  is  equal  to  <p2  -  Efj,  where  <p2  is  the 
AlGaAs/ InGaAs  conduction  band  discontinuity  and  Efj  is  the 


energy  difference  (volts)  between  the  Fermi  energy  level 
and  the  bottom  of  the  quantum  potential  well  at  the 
heterointerface . 

5)  The  Fermi  energy  level  in  the  n*-InAs  is  at  the 
conduction  band  (an  ohmic  gate  contact)  so  that  any 
applied  gate  voltage  is  applied  directly  to  the  InAs. 

6)  The  pseudomorphic  approximation  is  valid,  and  that 
each  region  contains  a  uniform  crystalline  structure. 

7)  The  potential  energy  function  of  an  electron  just 
into  the  InGaAs  channel  region  is  approximately  linear. 
In  other  words,  the  electric  field  with  respect  to  z, 
where  z  is  just  less  than  zero,  is  quasi-constant  and 
equal  to  Ez  at  the  InGaAs  side  of  the  heterointerface 
(z=0  )  . 

In  the  SISFET,  ideally  all  current  is  carried  by  the  2 DEG. 
The  following  analysis  ignores  the  possibility  of  parasitic 
conduction  either  in  the  undoped  AlGaAs  barrier  lay^r  or  in 
the  undoped  GaAs  buffer  layer. 

Charge  Control  Derivation 

The  equations  proceed  as  follows.  The  electric  field 
(through  the  surface  area  under  the  gate)  in  the  AlGaAs  as  a 
function  of  z  is  found  from  Gauss'  Law.  Secondly,  the 
potential  energy  of  an  electron  in  the  AlGaAs  as  a  function 
of  z  is  found  from  the  definition  of  the  potential  difference. 

Electric  Field.  The  electric  field  in  the  SISFET  results 
from  the  spatial  separation  of  ionized  donors  either  in  the 
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AlGaAs  or  in  the  implanted  source  and  drain  regions  from  the 
electrons  trapped  in  the  quantum  well  [29].  In  general,  this 
can  be  written  as: 

E  =  Ex  •  x  +  Eyy  +  E2z  (V/cm) 

From  Gauss'  Law:  /s  D*ds  =  Q 

where:  D  =  eE  (Coul/cm2) 

Q  =  charge  enclosed  (Coul) 

The  first  step  is  to  find  the  electric  field  perpendicular  to 
the  AlGaAs/InGaAs  heterointerface  as  a  function  of  the  sheet 
carrier  density  ns.  This  is  the  case  because  the  eventual 
goal  is  to  find  how  an  applied  (perpendicular)  field  affects 
the  sheet  carrier  density.  Therefore: 
ds  =  z-ds 

Furthermore,  the  charge  enclosed  by  the  area  (A)  under  the 
gate,  in  the  InGaAs  channel  just  below  the  hetero junction  at 
the  position  z=0‘  is: 

Q  =  -qnsA 

After  substituting  for  D,  ds,  and  Q,  the  equation  for  Gauss' 
Law  becomes: 

h  em'(Vx  +  Ey-Y  +  Ez  z)-*  ds  =  -q  ns  A 
where  €,n  is  the  permittivity  of  y=0.15  InGaAs.  After  taking 
the  dot  products,  and  assuming  Ez  is  constant  with  respect  to 
x  and  y,  the  equation  simplifies  to: 

€m'Vfsds  =  €m  EZ  A  =  -q  ns  A 
^  in  Ej  =  -q  ns 
Solving  for  Ez: 
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E*  =  -q'V«In  (v/cm)  (for  z=0  ) 

Applying  the  principle  of  the  continuity  of  the  tangential 
electric  displacement  vector  across  the  heterojunction  (where 
2=0) ,  the  electric  field  at  z=0*  (in  the  AlGaAs)  is: 

Ez(z=0*)  cIn  =  Ez(z=0+)  eAl 

where  eAl  is  the  permittivity  of  x=0.5  AlGaAs.  After 
substitution  and  rewriting: 

Ez  =  _cl  ns/£Ai  (for  z=0+) 

This  serves  as  the  boundary  condition  for  the  next  step,  which 
is  to  solve  for  the  electric  field  in  the  AlGaAs  as  a  function 
of  z.  Again,  from  Gauss'  Law,  after  substituting  for  D,  ds, 
and  Q  =  +q-ND  z  A,  the  equation  becomes: 

/s  eAl-(Ex  x  +  Ey •  y  +  Ez  •  z)  •  z  ds  =  +q-ND-z-A 
Again,  assuming  Ez  is  constant  with  respect  to  x  and  y,  the 
equation  simplifies  to: 

eAi  Ez  /sds  "  £ai  Ez  A  =  +q  ND  z-A 

€ai'ez  =  +q-Noz 
Solving  for  Ez: 

Ez  =  +q  N0-z/€Al  (for  0  <  z  <  d) 

applying  the  boundary  condition  for  Ez(z=0+): 

Ez  =  +(3  no  z/€ai  "  cJ'ns/eAi  (for  0  <  z  <  d) 

rewriting: 

Ez(z)  =  Ez-  z  =  -Ez-  (-z) 

In  other  words,  the  magnitude  of  the  electric  field  in  the 
negative  z  direction  (-z)  is  equal  to  -Ez. 
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Potential .  Solving  for  the  potential  energy  of  an 
electron  in  the  AlGaAs  yields  the  value  of  the  conduction  band 
energy  in  this  region.  The  energy  per  coulomb  required  to 
move  a  negative  charge  (electron)  from  some  initial  point  to 
a  position  z  somewhere  in  the  AlGaAs  along  a  path  (dl  =  z  dz) 
is  defined  as: 

V(z)  =  /  E*dl 

=  /  (Ex  x  +  Eyy  +  Ez-  z)  *z  dz 
V (z)  =  X  Ez  dz 

This  equation  is  an  indefinite  integral  form,  but  a  solution 
requires  a  definite  integral  as  well  as  a  consideration  of  the 
initial  conditions.  For  the  InGaAs  channel  region, 

substituting  for  Ez(z=0')  from  the  previous  sub-section  and 
integrating  from  -z  to  0,  the  result  is: 
q  ns  -  z 

V(z)  a - - -  +  constant  (V)  (100A  <  z  <  0) 

Applying  the  initial  condition  that  V(z=0)  =  -Efj,  the 

equation  becomes: 

q  ns  z 

V ( z )  ss - - -  -  Efj  (V)  (100A  <  z  <  0) 

eln 

For  the  AlGaAs  barrier  region,  substituting  for  Ez(z=0+)  from 
the  previous  sub-section  and  integrating  from  0  to  +  z,  the 
result  is: 

q-N0z2  qnsz 

V(z)  =  -  — -  -  — - -  +  constant  (for  0  <  z  <  d) 

*  '  eAl  CAl 

Applying  the  initial  condition  that  V(z=0+)  =  <pB  =  <pz  -  Efj,  the 
equation  becomes: 
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q-N0z2  q-nsz 

V(z)  =  -3— - - -  +  02  -  Ef -  (for  0  <  z  <  d) 

A  feAl  eAl 

The  value  of  V(z)  increases  for  increasing  electron  energy  so 
that  this  function  is  equal  to  the  conduction  band  energy  in 
the  AlGaAs  with  respect  to  Fermi  energy  level.  In  order  to 
equate  this  result  to  an  applied  gate  potential,  we  use  the 
value  of  V  at  the  InAs  gate  contact.  Evaluating: 
q '  ND  •  d2  qnsd 

v(z-d)  ~  2  e  ~  e  +  ^2  “  Efi  (v> 

Since  in  general,  potential  difference  is  defined  in  terms  of 
a  positive  test  charge,  the  electron  potential  at  the  gate  is 
equal  to  negative  of  the  applied  gate  voltage  (-VG)  .  It  is 
also  necessary  to  account  for  the  conduction  band  discon¬ 
tinuity  (</>.,)  at  the  InAs/AlGaAs  heterointerface.  Thus,  it  is 
known  that: 

V ( z=d)  =  0,  -  VG 

Equating  these  two  results  yields: 

q  •  ND  d2  q  ■  ns  •  d 

*1  -  vg  =  —n - e -  +  ^  -  Efi  (V) 

c  cAl  cAl 

By  defining  VT  a  0,  -  <pz  -  (q  •  ND  •  d2)  /  ( 2  •  eAl)  ,  this  equation 
becomes: 

VT  -  VG  =  -q  ns  d/eAl  -  Efj 
Solving  for  n$: 

q  ns  d/eAl  =  vG  -  VT  -  Efj 

ns  =  “57d-  '  ~  Vt  -  Efi]  (cm'2) 


135 


f> 


Summary 

The  equation  directly  above  is  the  equation  for  the  sheet 
carrier  density  as  a  function  of  the  applied  gate  voltage. 
The  above  expression  also  reveals  that  a  slightly  more 
accurate  expression  for  the  threshold  voltage  is  VT  +  Efj. 
This  is  not  a  closed  form  solution  for  ns  because  Efj  is  not  a 
constant  with  respect  to  ns.  The  other  relationship  between 
ns  and  Efi  was  presented  in  Chapter  II,  where  ns  is  a  function 
of  the  allowed  energy  levels  in  the  quantum  well  as  given  by 
the  Airy  equation.  Thus,  in  order  to  determine  either  ns  or 
Efj  for  a  given  value  of  VG,  it  is  necessary  to  simultaneously 
solve  both  the  above  equation  and  the  following  equation  from 
the  Fermi-Dirac  statistics  as  given  in  Chapter  II. 

q  (Efj  -  e„> 


D-VT 


n=1 


ns  - 


In 


1  +  exp[ 


n=0 


VT 


] 


(cm2) 


This  is  done  for  different  values  of  VG  in  Appendix  B. 
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Computer  Calculations  of  Charge  Control  for  a  self-aligned, 
strained-channel,  n*-InAs/Undoped  Al0  sGa0  sAs/Undoped  In0  15Ga0  85As 
Semiconductor  Insulator  Semiconductor  FET  (SISFET) 


i 


Introduction 

The  calculations  presented  here  are  based  on  the  charge 
control  derivation  in  Appendix  A  and  the  equation  for  ns  in 
Chapter  II.  The  computer  software  used  to  produce  these 
results  was  MathCad  Version  2.0.  The  approach  is  to  simplify 
the  Airy  equation  by  substituting  -q  ns/eIn  for  Ez.  The  Airy 
equation  is  then  rewritten  in  the  form: 

E  =  a  ■  (n  )2/3 
where: 

an  =  (H2/2  •  m)  1/3[  3  •  7r  •  q2  •  (n  +  %)  /  (2  •  e|n)  ] 2/3  (vV/3) 

The  following  calculations  then  consider  that  for  device 
modelling,  there  are  only  two  relevant  energy  levels.  Thus, 
only  n=0  and  n=l  are  considered. 

Assumptions 

The  following  analysis  is  based  on  certain  assumptions. 
These  are  listed  explicitly  below: 

1)  The  values  of  a0  and  a,  can  be  calculated  using  the 
value  of  the  effective  mass.  However  the  values  used  are 
those  estimated  for  undoped  GaAs  from  Shubnikov-de  Haas 
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and  cyclotron  resonance  data  for  a  quasi-triangular 
potential  well  [53:519]. 

2)  The  value  of  the  density  of  states  (D)  used  is 
measured  from  the  cyclotron  effective  mass  in  GaAs  for 
a  quasi-triangular  potential  well  [53:520]. 

3)  The  band  gap  energy  of  InAs  is  0.36  eV  and  of  AlGaAs 
is  2.05  eV  for  x=0.5.  The  analysis  assumes  that  q  <£, 
equals  65%  of  the  difference  or  1.10  eV  [1;2]. 

4)  The  band  gap  energy  of  x=0.5  AlGaAs  is  2.05  eV  and 
of  y=0.15  InGaAs  is  1.19  eV.  The  analysis  assumes  that 
q  <p2  equals  65%  of  the  difference  or  0.56  eV  [1;2]. 

5)  The  relative  permittivity  of  x=0.5  AlGaAs  is  11.6  and 
of  y=0.15  InGaAs  is  13.4. 

6)  The  background  concentration  of  donors  in  the  AlGaAs 
is  N0,  and  it  equals  1015  cm'3. 

Calculations 

The  following  calculations  start  with  unit  definitions. 
Second,  using  a  solve  block,  the  two  equations  for  ns  as  a 
function  of  Efj  are  solved  simultaneously.  The  equations  are 
solved  for  12  values  of  VG  ranging  from  0.0  volts  to  5.5 
volts.  The  results  are  plots  of:  ns  as  a  function  of  VG,  <pB 
as  a  function  of  VQ,  and  the  conduction  band  in  the  AlGaAs  for 
a  forward  biases,  VG,  equal  to  0.0,  1.0,  and  2.0  volts.  The 
next  six  pages  are  a  printout  of  the  actual  MathCad  document 
used  to  perform  the  calculations. 
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First,  define  all  units  and  material  parameters: 


Second,  perforin  simultaneous  solution  of  the  two  equations: 


Initial  Guess  12  -2 

for  Solve  Routine:  n  :-  5  10  cm  E  :-  -0.5  volt 


Given 


Al 

n  *  -  [V  -  V  -  E 

q  d  |_  T 


f(V)  :=  Find(n.E) 
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Now,  plot  the  barrier  to  gate  leakage  versus  gate  voltage: 
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Graph  conduction  band  for  various  values  of  gate  voltage: 
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For  z  from  z=0 
to  z  =  d 


Define  range  from  0  to  d  as  AlGaAs: 


z  :-  0  A, 20  A  . ,d 


Define  potential  at  ranges  just  into  InAs  and  InGaAs  as: 


V  :-  V(d)  -  #  zl  :-  d , d  +  10  A  ..550  A 

InAs  1 


V  (z) 

InGaAs 
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The  following  plots  are  conduction  band  diagrams  for  values 
of  gate  voltage  at  0,  1,  and  2  volts.  All  voltages  are  with 
respect  to  the  Fermi  energy  level  in  the  InGaAs  channel  (V-0) 


2.5  volt 


V  ( z )  ,V  ,V 

0  InAs 


( z2 ) 


InGaAs 


-2.5  volt 


Gate  Voltage 

Equals 

0.0  volts 


550  A  z , z 1 , z 2  -100  A 


V(z)  ,V 

2  InAs 


550  A  z , zl , z2  - 100  A 


Gate  Voltage 
Equals 
+1.0  volts 


4 


M 


V  ( z )  ,V 

A  InAs 


550  A  z,zl,z2  -100  A 


Gate  Voltage 
Equal s 
+2.0  volts 


4 


J 


l 


2 


Gate  voltage 
equals 
+2.0  volts 


2.5  volt 


2.5  volt 


Gate  voltage 
equals 
+3.0  volts 


2.5  volt 


Gate  voltage 

equals 

+4 . 0  vo Its 


Summary 
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The  preceding  calculations  support  the  presupposition 
that  a  pseudomorphic  SISFET,  with  the  design  parameters 
attempted  in  this  study,  would  have  a  positive  threshold 
voltage.  The  first  plot  of  sheet  carrier  density  versus  shows 
that  the  concentration  in  the  channel  does  not,  according  to 
these  calculations,  reach  sufficient  magnitude  (i.e.  5  x  1011 
cm'2  or  greater)  until  approximately  one  volt  forward  bias  is 
applied  to  the  gate.  Furthermore,  the  barrier  to  gate 
leakage,  <pB,  would  be  much  improved  over  the  standard  SISFET. 
The  second  plot  of  barrier  versus  gate  voltage  predicts  that 
even  at  three  volts  forward  gate  bias,  <pg  should  be 
approximately  0.3  volts.  By  comparison,  the  calculations 
reveal  a  barrier  of  approximately  0.6  volts  at  threshold 
whereas  the  barrier  in  a  standard  SISFET  at  threshold  is 
slightly  less  than  0.3  volts.  The  conduction  band  diagrams 
indicate  how  the  barrier  becomes  more  trapezoidal  in  nature 
as  greater  forward  bias  is  applied.  And  finally,  the  simple 
two  piece  linear  approximation  provides  maximum  estimates  for 
the  I-v  characteristics  of  the  pseudomorphic  SISFET  under 
forward  bias. 
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